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SUMMARY

The objective of this program was to establish the advantages/disdavanteges
and life cycle cost impact for two types of 1990+ time frame airclanes, onc
which has hydr: lically powered actuation systems (Baseiine Airplane) .nd the
other which has electrically powered actuation systems (All-Electric cr Fower-
By-kire Airplane). A& secondary objective of this program was to identify the
1990+ technology needs and dcvelopment reguirements of hydraulic, power-ty-
wire actuation systems and secondary power systems for future aircraft. The
comparison was made of both the actuation and the secondary power systems.
Parameters that were quantified for comparison were weight, reliability/
maintainability and life cycle costs. In addition, gualitative eveluations
were mauc on the basis o7 structural integraticn, growth potential,
survivebility/vulnerabii ity, EMC/1ightning, environmental constraints and
technology risks.

] H T [ -~ T Ma.. 21 __a
The study was condycted in thr hases.  In Phese I, Developmeint «

~An
[ax%y

~- T}

Data Base, an air-tc-surface (ATS) airrplane configuration was estsblished, th

(]

’

actuation functions were defined, and the recquirements for these actuation
systems were established.

The study was ccnducted using the Boeing Model 987-350 ATS as the poirt of
ref. rence airplane for which engineering development would begin in 1990,
production in 1995, and initial orerational capability (ICC) in 1997. The
model 987-350 has &1 &ll-meving canard, an arrow wing, win pod-mounteu
engines with variabiz geometry inlets and two-dimensionel vectoring and thrust
reversing noz: es, & thrust-to-weight ratio of C.87 and a maximum gross weight
of 46,000 1bs. The airglene carries an internally mcunted 25 mm gun ard 5000
1bs of air-to-ground weatons. The airplape is designed for a high level {Mach
2.2) end a low level (Mach C.9 to 1.2) interdiction mission. The design life
's 10,000 flight hours and 6,000 landings.

The actuition functions defined were flight controls {canerd, elecvons, rudder,
sroilers and Teading edge flaps), engine controls (inlet centerbody and bypass
doors), landing gear (retraction, steering and brakes), 2erial refueling (door
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and rozzle latch), and caropy. Thrust vectoring/reversing actuation was
determined to be pneumatic in the high temperature environment of that
application, and therefore was not part of the hydraulic/electric actuation
trade study. I[n addition, drive power for the 25-mm gun an¢ envirenmental
control system (boost and pack compressors, and cocling fan) was included.
The actuation requirements were defined in sufficient detail so tnat syst 'ms
for both the Raselire and All-Electric Airplanes could be designed.

An electrical load analysis was also prepared. The load analysis included the
normal housekeeping and avionics electrical loads aleng with power
requirements for actuation systems.

In Phase II, Design of Two Airplanes, the ectuatior and secondary power
systems were desijned for the Baseline and All-Electric Airplanes. Severel
configurations for each actuation function were developed and the ortimum
system was selected based cn weight, envelore for structural integration,
efficiency, power demand, system complexity ana technology projections into
the 1990's. 1lhe design and selection of the actuation systome for the A1,
tlectric Airplane were primarily conducted with d:-ta supplied by tre
AiResearch Fanufacturing Company of California under a subcontract. The rover
demands were determined for the hydraulic end eiectrical systems for the
Baselire Airplane and for the e2lectrical system for the All-Electric Airrplane.
Several secondary power system configurations were develored for both
airplanes and an optimum system selected for each.

In Phese 111, Trade Study, data for systems weights, reliability/
maintainability, and Tife cvcle costs were developed.

The reliability was computed by defining the minimum ecuipment levels for lcss
of mission end loss of aircraft, developing the fault trees and computing the
protabilities.

The meintainebility and life cycle costs were determined using the RCA PRICE
and PRICE L computer programs. Each system (actuation and secondary power)
for toth airrlanes was btroken down to the line replaceable unit (LRU) end
varicus input rarameters were develorea describing the quantity, weight, ratio
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of structurc and electronics, complexities, and development end production
dates. The output frc the PRICE progrem provided mean-time-cetweer-failure
(FTBF), develomment costs, and production costs. The PRICE L program also
provided the Qperating and Support Costs.

Based on tke above dete, overzll weights, reliability/maintainability and 1ife
cycle costs were computed and compared. Along with this a quslitative
assessment of the structural integration, growth potential, survivability/
vulnerability, EMC/Vightning, envirommental constraints, and technology risk
of the actuation and secondary power systems of both airplenes was conducted.

The vesults of this program indicate that the Al1.Electric Airplane offers a
potential for reducing the life cycle costs of the ectuation and secondary
pcwer systems by approximetely 12% compared to the Baseline Airplane
configuration. On an airplene of this tyre and size the weicht peralty
associated with EM actuation with respect to hydraulic actuation is offset by
the weight sevings in the secondary power system. The secondary power system

for the AV Dleciric Airplane uses enging-shatt mourted main AC geicirators as
opposed to the AMAD concept for the Baseline Airplanc. This results in
reduced ground checkout capability for monitoring the mair generator without

running the engines.

The probabilities of mission success and airplane safety ¢re comparable for
both eirplanes. The MTBF of the EM actuation system was lower than the
hydraulic actuation; the MTBF of All-Electric secondary pcver system vas
higher than the conventional mixed hydraulic/electric secondary power system,
Eut not enough higher to completely offset the lover MTRF of EM actuation.

Assessment of the other factors indicated that EM actuation and electricel
secondary power system could easc structural integration prcblems and provide
additional growth potential. From a survivability/vulnerability standpoint
the hydraulic power system was mcre vulnerable then the electrical system from
weapens effects, wnereas the EM actuation system was more vulnerable to
Jamming diue to the recessity of gearboxes in every apprication. EMC/Tightning
effects coculd imgpact the fly-by-wire (FBY) and electrical systems in either
airglane, but the EM actuation would alsc be impacted in the All-Electric
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Firplane. There were no high technology risks associated with the Baseline
Airgpiene.

The study also indicated that a hybrid system arrangement may have some
benefit. The results show that the primary cayoff for the All1-flectric
Airplane resulted from elimiration of the engine driven hydr -ulic system,
i.e., adapting a single source p er system. These benefits could also be
real ized through the application of integrated actuator packages (IAP),
electr.c motor driven hydraulic actuator systems. These showed some rotential
tenefit for certain flight control functions. For exemple, the study results
indicated that use of an IAP for rudder a:tuation offerec no weight renalty
over the EM actuator and has . lover development risk.

The results and conclusions drawn from this study are based on an assumption
that certain technology advencements will be made by the 1590+ time frame.
Technology developments that are reguired to meet these needs or that offer
alternatives in the design of the actuation and secondery power systems vere
identified. For the Baseline Airplane these inciude:

High pressure hydraulic system
Bi-directional power transfer units
Fydraulic fuses and circuit breakers
Loed adaptive/stored energy actuators
Advenced fly-by-wire actuators

c O O O O o

Steged sequential serve ram actuation
For the All.Eiectric Pirplene the tecknology needs include the develomment ¢“:

Lightweignt, high efficiency gearboxes
Speed ortimized electric moters
Load- adaptive/stored eneigy actiation techniques

0
¢
0
u Variable authority EM actuators

o Controller/inverters

o0 High voltage DC electric systems

0 Integrated actuator packages
Several of these developments iduntified for bcth the Baseline and the
All.Electric AMirplanes are applicable to a hybrid system.

xvii
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1.1 PRackground

Current eaircraft are cherazterized by having twe mein forms of on-board
secondary power gereration, distribution, and utilization., i.e., electrical
power and hydraulic power. In geueral, hydraulic power is gererated,
distributed, and utilized for the majority of the actuation jobs including
flight controi surtaces, landing gear extension and retraction, brakes, and
nose vheel steering. Electrical power is used for functions like stability
eugmentation, fuel and engine control, heating and cooling, lighting,
avionics, weapons control, instrumentatioun, and utility air vehicle functions.
Powered actuatior is essential 1n today's high-performence sircraft. Landing
gear, gun drive, and canopy orperation 2also require high power. Sugerior
airplane controllability and handling qualities characteristics recuire not
only high power, but also accurate and respecnsive controls. Fydraulic
actuation has become the mainstay for most of these control tasks because of
Pigh torque-to-inertie cacability, high power and weight etticiency, and
tremendous development and experience. Technology advencements in the
electromechanical field are showing promise for alternative means cf
actuation, Consideration needs to be given and evaluations made with these
new technology trends in mind.

Major factors stimuleting the application of power-by-wire actuation are in
the advancemerts in kigh-voltage power suprl ‘es, rare earth permanent megnet
motors, electronic commutation, and improved solid-state power switching
devices. Trhese factors lead to the objectives of this study which are:

(1) Establish advantages/diseaavantages and life cycle ccst impact of
hydraulically powered actuation and electrically rowered actuation for
aircraft in the 1990+ time frame.

(2) Identify technology needs, risks, and development recuirements for future
aircraft actuati n systems.

1.2 Cbjective

The objective ¢f this study was to conduct a tradec-cff comparison between a




2
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“"Bascline Airplane" (one that contzins an engine-driven hydraulic system for
actuation) and an "All-Electric Airplzne" (one that contains only an
engine-driven electrical system for rower-by-wire actuation). The study was
conducted on an ATS airplene. The airplane is designed for a high
survivability interdiction mission. For the trez“e, each “airrlanc” is
designed to utilize every beneficiel technology advancement considered
available in the 1990+ time frame. Six areas of actuation were considered in
the study. These were the flight ccntrols. engine inlet controls, thrust
reverser/vector contrcls, lan'ing gear, aerial refueling, and canory
actuation. In addition the qun controls and ECS were considered as users of
secondary rower.

1.2 Approach

The program was divided into three rhases as follows:

Phasa I - Devclopment of ATS Design Data Rase
Phase Il - Design of Two Airrlanes
Phase IIl - Airplane Actuation Trede Study

Baseline firplane

The hydraulic/electric rowered airplane was termed the Baseline Airplane. The
hydraulic actuation systems consicered various tyres of power drive units,
output mechanisms, and control valving. Secondary rower extracticn is
accomplished by rower take-off shafts from each engine which drive airfreme
mounted accessory drives (AMAD). Tre two AMADs are connected togcther and to
a LCX/JP-4 \ntegrated Power Unit (1PU} through an angle gearbox. During
normal flight, the AFADs are driven by their respective engines and the angle
gearbox is declutched. During an emergency, shaft rower can be extracted frem
the ofrosite engine or the [PU through the angle gearbox, Each AMAD drives
two hydrauiic pumps and an electrical generator. The right-hand AMAD also
drives the ECS boost compressor. This AMAD configuration provides the
carability to operate the emgine driven secondary power system without

orerating the engines, for ground checkout.
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MI1-Electric Airplane

Two types of actuation systems were considered for the Al1-Electric Airplane
actuation functions: electromechanical actuation (EMA) systems and integrated
aciuator package (IAP) systems. EMA's were selected for all functions since
they proved lighter and less complex in all cases when compared with the
equivalent [AP. Secondary power extraction is accomplished by a 150-kw
starter-generatcr mounted on the spinner at the frent of cach engine. A third
150-kw generator is mounted on the LCX/JF-4 [ntegrated Power Uait (IPU). The
three generators produce wild frequency power which is converted to 27CV dc by
rhase delay rectifier (POR) bridge canverters. Secondéry converters provide
rower at other voltages required. Interconnection provisions are included in
the three generation systems for engine starting and transfer of loads in case
of failure of the main generation systems. This system provides for ground
checkout of all electrical functions, except the engine-driven generators/
regulators themselves, without operating the engines.

Trade Study
Ten parameters were considered in the trade study of the two airglanes:

Veight

Reliability
Maintainability

Life Cycle Costs
Structural Integraticrn
Growth

Survivebility
E¥C/Lightning Protection
Environmental Constraints
Technology Risk

Quantitative comparison data were develored for the first four paranieters.
Quelitative comparisons were made in the six other areas.




Z
i
i
f
!
f

'm i —a -l i -

11 AJRPLANE REQUIREMENTS

The tasic airplene configuration and recuirements which formed the desigr dcta
base for the trade study airplene were deévelored during Phase 1. Design
criteria and recquirements for the actuation functions and other functions
requiring on-board generated secondary power vere defined.

2.1 Airplane Corfiguration

The AlsS missicn concept was specified as the peint-of-reference airplanc. The

Boeing Model 987-350 ATS (Air-to-Surface) Airplane (Figure 1) was chosen for

this purpose. It is a vectored-thrust, canard/arrov. wing with 2

thrust-te-weight ratio of (.87 and a gross weight of 49,000 l'bs. The airplane
corfiguration includes twin rod-mounted engines, wing-shielded hal f-round
variable-geametry inlets, 2-D vectoring and thrust reversing nozzles, ard an

all-moving canard. Armement censists of an internally-mounted 2&5-mm gun, tve

2dvanced short-rarge missiles, and 5000 'bs of air-to-ground weafons mounted "j
semisubmerged in two fuseiege cutouts. Airplane performence is shown in B
Figure 2. STOL teke-off and landing rerforma:nce 1s shown in Figure 2. The NS
airplane is designed for a high-survivebility interdiction mission (Figure 4). "
The f1ight envelore is shown in Figure 5. Design life of tre eirflane is

10,000 flight hours and 6,00C lendings.

2.2 Actuetion System Pequirements

The ATS Model 987-350 actwation system rccuirements were civided into five
areas as follows:

F1ight Controls

Engine Inlet

Land ing Gear

Aerial Refueling

Canopy Actuation

Thrust Reverser/Vector Controls

o o O 0o o o

[t was determined that the thermal enrvircnment for the thrust reverser and ‘




-

aue|daiy 06€-L86 13POW 1 a4nby 3

31720N G¢
SNISU3IAIY ONV ONI¥OLI3A

S13INI

W3iSAS 108LNGD NO1STNdOYd aNy
1H9I13 SIINOIAV 03LV¥IINI

q1 000°S
qL 00%°6l
€8

£8°0

W4 08

14 0t

QL 000°6¥

OY01AVd NOIS30 ®
9304 @

s/ine

n/ie

HLINI @

NYd5 e

1H913M SSOUD o

39Y1YYV0 NOdVIM
03943WANSINIS

\\ 9v30-#01 YVINGOKW
]
/\

AIN31D1443 3SINYD I1HOSYIANS anv
WIANINYW Q3A0YIN] ¥03 CQUVNV]




:
'
I
)
12 -
.6 7
10 -
POWERED TRANSONIC e /
R | + .5 FIGATER -
8 LIFT ~
M LD CANARD . _ A
6 CL . g
SFC ~ ,/ POWERED LIFT + CANARD
-~y -3 /‘
4 < /
— TRANSONIC 2 4 _
2|1 FIGHTER : /’ M= 0.9
sonit® . h = 30,000 FT
G b .
T 7.0 fl 1 ]
MACH NUMBER % 2 08 . .06 08 1.0
SUPERSONIC RANGE FACTOR U
TRANSONIC MANEUVER POLAR
1,400 11 70 ,
MAXIMUM POWER 1.2/30 |I
1,200 60 I
1,000 50 - l ’
M/ALT , 2-0/50/ /}
300k e 40 , :
¢ -
pe (Frs) [N/ (1,000 LB/HR) //(
600\k 30 o \/
200 PN 1377 20
.3/30 .l /9/30 ..
200 \‘ 10 —
| DN 5% CONSERVATISM |
0 0
1 2 3 4 5 1 ¢ 3 4 5
' OAD FACTOR LOAD FACTOR
PS vS LOAD FACTOR COMBAT FUEL FLOW
' Figure 2 Model g87-3c0 Performance
3
[




P IR T

- SOy

R Y it
f

TAKEQFF GW ~ 1,000 LB.

TAKEOFF GW ~ 1,000 LB

80

e diadti dby - T

TAKEOFF

60 |-

40 -

20 r

MODEL 937-325

THRUST VECTORING WITH
CANARD MOMENT LIMIT.
INCUCED LIFT INCLUDED

\\—

WITH THRUST -J/f

VECTORING-RO
INDUCED LIFT OR
MOMENT CONSTRAINT

NO THRUST VECTORING

O 1 L I 1 1
0 500 1,000 1,500 2,000 2,500
OISTANCE - ©T
LANDING
80 MODEL 937-350
FLAPPED CANARD THRUST VECTORING WITH
PLLAIN CANARD CANARD MOMENT LIMIT -
60 t- NO THRUST REVERSING
WITH THRUST s
40 |- VECTORING PLUS A
THRUST REVERSING
< NO THRUST
20 WITH THRUST VECTORING OR
JECTORING-MOMENTS THRUST
BALANCED REVERSING
O L 1 | i [l

500 1,000 1,500 2,000 2,500
DISTANCE - FT

figure 3 Model 987-350 STOL Performiance

~4

P R
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Figure 4 Model 987-350 Micsion Profiles
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vectoring actuaticn systems would be too harsh (Figure 6) for use of
electromechanical or hydraulic actuators without auxiliary cocoling frovisions.

Thus it wes concluded that neither the electromechanical nor the hydraulic
actuators could etfectively comrete with pneunetic ectuators, traditionelly
used in these applications. These high temperatures cen demage insulatior an
electric motor windings, would be close tu the Curie temperature of the
rermanent magenets causing demagnetization, and cause motcr bearing tubricant
probiems. In the case of hydraulic actuators, conventional hydraulic fluids
could not be used and seal problems would also be encountered. To utilize
electromechanical or hydraulic actuators would reguire eithcr one or both of
cooling provisions and remote location of actuators with complex mechanical
linkages to transmit the actuation fc-ces. This would add to the system
complexity and impact the reliability and cost of the system. Therefore,
pneumatic actuation systems for the thrust reversing and vectoring functions
were selected. This allowed the deletion of these actuation functions from
further consideration in this study.

In each of the other arcas the number of actuators recuired for cach functien
and the configuration and redundancy of the actuation systems were defined.

The requirements are summarized in Tables 1 to 4.

2.3 Gur and ECS Power Requirements

Two additional arcas where shaft power is utilized are the 2%-mm gun system
and the enviromental control system,

The gun system recuires 14 hp for the gun drive and 11 np for the ammunition
feed system. This power can be delivered ty an electricai motor or hydraulic
metor. The motors require start-up and reversing capability for shell
ciearing purposes. Figure 7 shows the rower and speed vs firing rate.

The ECS, shown schematically in Fiaure 3, recuires three motors; cne each for
tre btoost compressor, the £CS compressor and the ECS fan. The boost
compressor motor has to provide 50.% hp at speeds verying from 15,00C to
4C,000 rpm to be compatible with the following boost compressor requirements:
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INTEGRATED
NOZZILE/AIRFRAME
STRUCTURE

FIXED GEQMETRY
LOW BOATTAIL COWL
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CONFIGURATION 300°F - S00°F .
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Figure 6 Engine Exhaust Area Temperatures
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Altitude Airplane Compressor Corrected Comgressor

ft Speed Pressure Patio Air Flow Srecd
PR ibs/min rpm

C Takeoff 1.09 40 18,000

50, C00 g.7™ 4,27 237 4c,0co

where corrected flow is defined as
WT 1b/min4°R

P lb/in2

The ECS Compressor motor has to provide 1C.7 hp at & fixed speed between 50C(
and 22,000 rpm. The ECS fan molor has to provide 42.9 hp at tvo sreeds, ECOC

and 12,000 rpm.

2.4 OQOther Airpiane Power Recuirements

Power requirements for other air vehicle and avionics subsystems are listed in
Table 5. A1l these recuirements are met by electrical power. The kk
requirements for these items are the same for the Easeline and for the Al1l-
Electric Airplanes, excert where noted. The difference is that in the
Raseline Airplane these loads are supplied from 400-rz rower whereas in the
AMl1-Electric Airplens they are suppliec frem 27C-vdc power. It is assumec
that in the 1990 time freme, all these loads will be compatible with either
40C-Hz or 270-vdc power.

Loads net listed in Table 5 ere the same for eitker airplene and do not
divectly impact the trade study. Trese Toads are listed, however, in the
detail Baseline Firplane and Al11-Electric Airplane electrical load analyses.
{Sections III and IV)

2.5 Thermel Recvirements

A thermel mep of the airrlane was cevcloped based on aerodynamic heating et
vach 2.2. Tre skin temperatures are shown in Figure 9. These temperatures

18




TABLE 5
; AIR VEHIGLE AND AVIONICS SYSTEM POWER REQUIREMENTS

i ITEM MAX kW LOAD (Total)
: Electronics Liquid Cooling Pump® 2.40
E Primary Fuel Boost Pump 7.30
) Backup fuel Roost Pump 7.30
: Fuel Transfer Pump 7.30
: Battery Heater 0.30
Windshield Heater 2.50
Radar (Target Acquisition) 1.50
We *pons Heaters 1.00
Air Data Computer 0.07
Air Data System Meaters 1.50
Integrated Information 5.40
Management System
Gun Conirois 3.60
Total Temperature Probe Heaters 0.27
JT10S/ TACAN/IFF 0.70
Clobal Positioning System 0.20
Inertial Reference (Multi-Function) 0.20
. Radar (Multi-Functior) 5.00
é IRCM 2.00
£CM Transmitter 6.00

*» All-Electric Airplane only
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are calculated for a U.S. stardard dey at Mach 2.2, altitude of 4C,C0C to
7C,CC0 ft above sea level, include solar heating, and do not incliude the
engine effects.,

Engine exhaust area temperatures are shown in Figure 6.

2,6 Structural Arrangement

A structural arrangement vas also dcveleped for this aircraft and is chown 1in
Figure 10. This wes required to determine the exact amount of space available
to install the vericus actuaticn systems¢ This elso facilitated the
stiructural integratior of the various actuation system alternatives and
selection of the system vhich would meet this rccuirement with little or no
impact on the aerodynemics of the aircraft.
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IIl BASELINE AIRPLANE CONFIGURATION
3.1 General

The obiective of the design phase was to select the most competitive
combination of hydraulic actuation systems, hyaraulic power systems for
transmitting rower to those actuation systems, and eiectrical power systems
for providing fly-by-wire control to those actuation systems that couid be
considered availeple in the 169C-plus time frame. In keeping with the overall
objectives and requirements, it was required that the selected hydraulic power
system derive its power primarily from the engine through engine-driven pumgs
and transmit that power through a distributed system of hydraulic transmission
line tubing to the actuation systems. The total sccondery power system and
the actiation systems are defined so that a direct comparison can be made with
the Ai1-Electric Airplane design described 1n Section IV,

3.2 Actuetion Systems for the Baseline Airplane

Consideration was given to various types of power drive units, output
mechgnisms and control valving arrangec in a variety ¢f combinetions to suit
the partictlar recuirements for the verious contrnl functions. The tyres of
rower drive units evaluated included pistcn actuators, vane attuators and
multipiston motors. The typss of outrut mechenisms eveivated included bell
cranks, rack-end-pinicon gearing, helical or ball splines, spur gearing, tent-
beam Eccentuators, threeded pover screws or ball screws, and planctary or
skip-tooth gearing for hinge-1ine units. The control valve conceprts
considered were single-stage direct-drive and two-stage electrohydraulic servo
velves, staged sequentially-controlled valves, steprer-motor-driven rctary
valves, and solenoid veives.

After evaluation of the verious actuation systems available, a final
configuraticn was selected for each application. Table 6 summarizes the
selected systems for the airplane flight controls and Tables 7 end & for the
non- fl1ight controi functions. Figure 11 shows the location of the actuators
in the aircraft and Figure 12 shows how these actuators are intcgrated into
the aircraft structure. Each of the .ndividual dapplications s covered in the
following raragraths.
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2.3 Flight Contrc) Actuation

3.3.1 Canard

The canard is a critical flight control surface whose continued control is
essential for mission completior and safety of fiight. Actuation trades
considered the two canard surfaces interconnected as well as separated, even
though no difterential surface control is required since the canard is used
only for pitch control. In addition, both linear and rotary actuator designs
were evaluated. The selected configuration uses 1inear actuators
inderendently controlling each canard surface as shown in Figure 12. The
following reascns are the basis for this selection:

1. The linear actuator system is lighter. This is btecause the length of
the linear actuator is propertional to the total certrol surface
dcflections and the rotary actuator is independent cf the ccntrol
surface deflection., With only 30 degree total surface ceflection,
Iinear actuator stroke is only 4.8 inckes.

2. Due tec the inefficiency of a hydraulic motor and gearbex, the total
power consumption of the rotary actuation system would be higrer. 1In
audition, a hydraulic motor has a higher internil leakége than the
linear actuator. Canards are used for longitudinal trim; and, thre
steady state aerodynemic load causes more fluid leakege across the
hydi-aul ic motors than the linear actuators. This, together with the
high duty cyclc of the canerd surfaces, results in a higher total
power consumption.

3. The configuration withk nc interconnecticn betveen the tvwo canard
surfaces results in less weight and reduces cemgplexity. The eaded
aciuation weight for separate surface control is more than ov¥fecet by
deletion cf the intercornecting mechanism and since no additional
contrel capability is needed in terms of increased power, there is no
impact on secondary power requircnents.

The canard actuation system utilizes four dual-tandem actuators arranged and
Fowered from the three hydravlic systems to meet the redundancy requirement as
specified in Table 4. Tandem actuators are used because they can be plecec

4 o A Ay i P S Lotk Wt W e n i A e b it + .




close to the surface te maintain adequate stiffness between the actuator rod
and the canard curface.

Each dual-tandem ectuator cunsists of a full-area piston and 2 half-area
piston. Any two of the three hydraulic systems can drive beth canard surfaces
at 100% of the design hinge moment; 50% from system #1 through the two ferward
actuator full-area pistons, 50% from system #2 through the two aft actuator
full-2rea pistons, and 57% from system #3 through all four actuator half-area
pistons. Under normal conditions, (a1l 2 hydraulic systems operating) cach
tandem actuator is capable of providing 75% of the surface design hinge moment .

Valves are sized to meet the rate requirement at maximum load. A flow
limiter, 1imiting the maximum rate {0 70 degrees per second, avoids excessive

flow at the no-loed condition.

Actuation system components for each of the two camard surfaces consists of
the following:

Dual-tandem linear actuatcr

(2 required @ 39 pcunds each) 78.0 pounds
Control valve Module 7.0 rounds
Total keight, per surface 85.C founds

2.2.2 Elevons

Th2 elevon control surfaces have a duai roie tc provide both 'ongitudinal end
lateral cortrol of the airplanc. Actuation trades considered coth !inear ana
rotary actuator designs as well as installation of part of the system in the
body. The hinge moment requirements for the elevons are large and the
aveilable srace for equipment installation is small due to the thin wing
geametry. Configuration studies indicated that both linear and rotary
actuation equipment exceeded the designated envelofe.

Since the meximum hinge mement when movirng the trailing edge down is roughly

twice as large as the maximum hinge moment when moving it up, an unecual-eree
linear actuator can be used with the piston head-end area sized to meet the
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larger load and the rod-end arca sized to mect the smelier lcad, whereas the
rotary actuator has tc be sized to meet the larger loed. Trhe linear ectuetor
is the more efficient approach due to the inefficiency of a hydraulic
motor/gearbox arrangement. Also, since the elevon surfaces are used for
lorgitudinal trim, the steady-state aerodynamic l1oads would cause more fluid
Teakage across the hydraviic motors than the linear actuators.

Therefore, the choice ¢f the linear actuator for the elevon function results
in a lighter system with 1¢ss power consumption. Consideration was given to
installing the actuators in the btody tc avcid exceeding the envelore
requirement. However, the torque tubes required to carry the load to the
eleven became unreasonably large and heavy. A detailed study of the airplene
structure and geametry determined that an increased number of smaller diameter
linear actuators with shorter moment arms could be used to better fit the
enveiope with less fairing.

The selected contiguration (Figure 12, View F) uses four actuatcrs {two

dual/rarallel linear actuators) rer surface to meet the hinge moment

recquirements with minimum actuator dimensions and fairing. Eachk of tke four
actuators weighs 75 pounds.

The increase in drag due to the elevon actuator fairing on the baseline
airrlare is two-tenths of one percent of the totel airplane cruise drag., The
resulting impact on specific fuel consumption will be negligible and ro
furtker consideration will be given to this subject in the trade study.

The actuator and velve are sized to meet the rate requiremsnt at meximun load
and elso meet the maximum rate of 70 degrees/sec at no load. No flow limiters
are used. The major actuation characteristics are:

2 2

Actuator piston area 6.8 in

head end, 2.2 in
Moment Arm 10 inches
Stroke (Total) 6.7 inches

rod end
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3.2.2 Rudder
The rudder control surface provides directional control of the airplane.
Ectuation trades considered both 1inear and rotary actuation,

The rotary actuation system, Figure 12, View (, was chcsen for the rucder
function for the following recsons:

(1) Envelope restrictions require that linear actuators be placed in the
aircraft body which in turn requires ¢ long torque tube to cerry the
Toed evenly to the surface. Also, the lerge surface deflection, €0
degree total, requires a relatively long linear actuator. These two
factors result in a greater weight for the 1inear actuation system.
The rotary actuation system is able to fit in the designated envelope
and is able to handle the large surface deflection with less weight.,

(2) Due to the inefticiency of the hydraulic-motor/gearbox, fluid leakege
and peak rower consumption of the rotary actuation system is higher.
However, the rudder load and duty cycle are r¢latively low end power
censumption caused by internal fluid leakage across the hydraulic
motor is low.

Cne cenfiguration considered used three hinge-line gearboxes to distribute the
loéd to the rudder surface. Fowever, after detailed study of the structure,
geometry, and gearbox design, 1t was determined a single hinge-line gearbox
nas more desirable and would result in 2 weight saving.

The s: lected system consists of a pover ¢rive unit, including two hydraulic
motcers, control valves and a torque-summed reducing gearbox installed in the
body. A tercque tube is used to carry the 10ad to the single hinge-1line
gearbox attached to the surface. FKydraulic moters are sized to meet the rate
reguirement at maximum lcad. Ne flow limiter 15 recuired.

The actuation system for the rudder consists of the following components:

kydraulic Motor (2 required € 7.5 1bs) 15.C pounds
Hingel ine Gearbox 22.0 rounds
Reduction Gearbox 11.0 pounds

Total Weight 42.C rounds
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2.3.4 Spoilers

The spoiler control surfaces provicde, in conjunction with the elevons, latcral
control of the airplane. Actuation trades considered both linear and rotary
actuation,

Selection of a linear actuation system instead of a rotary actuation
arrangement was influenced by the following:

(1) An unequal-area linear actuator to handle unecual loads results in a
lighter system and lower power ccnsumption than & rotary actuetion
system.

(2) Spoilers are fairiy inactive during norme! fiight. The surfaces are
retracted most of the time and the actuators or the motors are
positioned to hold against the upward aerodynamic load. The
hydraul ic motor in a rotary actustion system with larger internel
fluid leakage consumes more power due to holding this loed. A
hydraulic check valve is usually provided in the hydraulic supply
1ine of the linear actuator to prevent beck driving when the
aerodynamic load exceeds the actuator capability. Use of the check
valve is not effective in the rotary actuation system tecause of the
higher internal leakege across the motor.

The selected system, Figure 12 View F, consists of an unecual-erea lineer
actuator driving eack of the four spciler segments. Each actuator weighs 17.8
pounds.

The larger actuator area (riston end} is active when the actuator is helding
the spoiler trailing cdge down, while the larger ares (rod end) is active when
the actuator is forcing the trailing edge up. A flow limiter is used to
reduce excessive flow in the no-lcad condition.

3.3.5% \leading Edye Flars

The original lircar actuator design 3pproach was to tie all leading eage flap
surfaces together and actuate by two linear actuators installed in the tody.
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This was founu imprectical due to the large torgue tube required to carry the
load out to the flaps. The alternative, shown in Figure 12 View L, uses two
linear actuatcrs, powered by a single kydraulic system, to control each flep
segnent and is the aprroach selected ur the Baseline Airglane, Since the
aerodynamic load is only exerted in one direction, an unequal-area actuator is
used. A blocking valve and bypass vaive are required so that the actuator
will remain in the last selected position in the event of total power loss. A
flow Timiter is required to !imit the actuatcr rate in the no-1oed condition.
A total of 12 actuators are reguired, each with a weight of 19.3 pounds.

A rotary actuation scheme, consisting of a body-mounted rower drive unit
driving through a torcue tube ard anyle gearbox to hingeline gearbcxes, was
alsc considered. The rotary actuation aprroach and the original linear
approach, with all leading edge flap segments connected together, were
abandoned in favor of the selected approach because:

{1) Total surface deflecticn is small and aerodyramic load is orly in one
directicn,

(2) Because of the inefficiency of the gearbtoxes and hydraulic mctors,
the rotary configuration is heavier and consumes more jpower. The
flaps are recuired tc operate during descent and landing vhen the
hydraulic power supply is Tow due to lower engine power settings.

(3) with 211 flaps tied together, there is a remcte chance for aswmmetric
derioyment in the event of a structural failure. Each linear
actuator incorporates & blocking velve so that in case of failure,
such as loss of hydraulic rower, the flap will remain in the last
selected position. Structural gemage, ¢r both actuators leaking,
could cause one flap tc tlow back which is less serious (and is

considered acceptable) than all three flaps failing together.

3.4 Lngine Inlet Cortrol Actuation

3.4.1 Engine Inlet Centerbody

The function of this actuation system is to drive a linkage assembly that
mcves the inlet centerbody ramp which in turn expends or contracts the
centerbcdy radially thereby regulating the speed of the ncoming air,

8
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Both linear and rotary actuation schemes vere considered. Since the
aerodyramic load is in one direcvion only. an urccual-area linear actiuator
proves tc be considerably lighter than the less efficient rotary actuation
system.,

The g:neral arrangement is shown in Figure 12 View M. The actuator and velve
are sized to meet the meximum rate at meximum loed. A flow limiter is used to
timit flow in the no-load condition. One actuator is required per enginc,
with 2 weight of 18.0 rounds each.

3.4.2 Engine Inlet Bypass Doors

As shown in Figure 12 View P-P, there are four bypass doors for each engine.
The aerodynamic loads are small but the doors are required to open up to 90
degrees.

Both rotary end linear actuation systems were considered for this function

with the choize goin
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(1) A rotary system is more suited to lergc deflection angles; a linear
actuator would experience nonlinear motior at large defiection angles.
(2) A rotary system is more compact for this application.

The actuation system for each of the 4 rairs of bypass doors consists of the
following comporents:

Potary Vame Actuator 4.0 pounds
Total Weight per pair of doors 4.C pounds

3.5 Landing Gear and Brakes

7he hydraulic actuation concepts traditiorally used fer lending gear i
retraction, steering, and brakes, and for the other utility subsystems, have
been highiy refined over the past 40 years. Except for the few exceptions
noted, no improvement could be found in deviating from the nomal practice
other than using the increased pressure level seiected for this ATS study 3
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aircraft (See Section 3.10.3). For landing gear retraction, untalanced-piston
actuating cylinders cperating through appropriate bellcranks generate the
equired force moment to 1ift the gear against its combined dead weight and
serodynamic loads. kith built-in snubbing provisions, they can cushion the

1oad at either end of the stroke including the bottoming loed due to emergency
free-fall extension. Ali components are covered in the following paragraphs
except the isolation ~alves (Z at 2.0 pounds each), and the 3-pusition control
valve (1 at 2.0 pounds).

2.5.1 NMain Gear Retraction

The retraction/extension system fo- the main landing gear censiste of tvo
1inear piston actuators, one for each main gear, controlled by cne solenoid
vaive. Landing gear doors are siaved to the geer strut, and uplocks and
downlocks function tnrough the metion of the actuator end mechanical linkage.
This is an improvement over some existing aircraft whicr reguire sererate
actuators for actuating doors and position lecks. In additien, like most
aircraft, the system allows emergency free-fall extension following manual
releese of the ur'ock by the pilot. The instellation is shown in Figure 12
Yiew R,

The selected actuater extenas during gear retraction and retracts during geer
extensior. with snubbing provided at the retracted (gear extended) end. The
ectuatcr weight for each of the two mein gears is 12.¢ pounds.

3.5.2 Nose Gear Petraction

The retraection/extension system for tke nose gear consisits of one linear
piston 4ctuater in & system similar to that descr-ibed for each main gear. The
actuetor is controlled by the sam: solenoid velve used for the main gear. The
instailaticn is shown in Fivure 12 View S, '

Trhe selected acluater retracts during gear retraction and extends during gear
extension. Bctuator wefght s 29.5 pounds.




B L o 2 dc o take

BRI S

N s B LR LT

|
|

3.8.3 Nose Cear Steering

Nose gear steering is provided by an actuator modile, consisting of a vane
type rotary power drive unit with spur gear output, electrohydraulic position
servovalve, and associated functional circuits. It is mounted on the nose
gear strut and drives a strut-mounted ring gear as shown in Figure 12 View S.
Actuator weight, including the hydraulic motor, is 22 pounds.

3.5.4 VMain Gear Wheel Brakes

The mein gear wheel brakes are multiple disk type using advanced comfosite
carben heat sink material. Actuation arrangement is the standard multifle
hydraulic pistons in 2 trake housing sized for 5000-rsi oferating fressure.
Two brakes are required, one per each main vheel.

The trake actuaticn components have been segregated from the total brake
assembly in order to permit a more meaningful compéarison with the All-Eiectric
firplane. The brake actuation system for each of the two mein gears consists
of the following components:

Piston Actuators (8 required @ Q.5 1b) 4.0 pounds
hear Adjustors (8 recuired € 1.0 1b) 8.0 rounds
Control Valve Module 9.0 pounds
Shutoff Velve 1.0 round

Parking valve 2.5 rounds
Pccumulator (including 2 pounds fluid) 13.C peurcs
Total, rer gear 37.€ rounds

2,6 Aerial Refueling System

A standard universal aerial refueling receptacle slipwcy installation (UARRSI)

is provided. For this study, the current 2,000-psi actuaticn system with two
linear piston actuators, the slipway door actuator and the nozzle ‘atch
actuator is used along with a pressure reducing valve to reduce the 5,0C0-psi

system pressure to 3,00C psi for this subsystem. Actuation system weignrts are:
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Refueling Door Actuator 1.5 pounds

Nozzle Latch Actuator 1.0 pound
Control Valve 3.3 rounds
Total 5.8 pounds

3,7 Canory Actuation

Due to the relatively large overhanging mament, a lirear piston actuator with
an operating lever arm as shown in Figure 12 View &, was selected. An
internal locking mechanism holds the actuator in its retracted (canopy ofen)
rosition, and internal snubbing is provided at toth ends of its stroke.
Actuation system weights are:

Linear . ctuator 2.9 rounds
Control valve 1.0 found
Total 2.9 pounds

3.8 Gur Drive

A hydrauiic motor s yused t3 drive the 25.mm Catling-type gun rotor similer to
the currently used 20-mm and 30-mm gun drives. C(ne motor 1s used to drive the
qun barrel and the ammunition feed system which recguire 14 hp and 11 hp
respectively at the design firing rate of 3,600 rounds fer minute. For this
study, a2 0.34 cu. in. rer rev, (cipr) mctor orerating "t 7,20C rpm drives the
main gun system drive shaft at 1,800 rpm through a 4:1 sreed-reducing gearbox.
Compcnent weights are as follows:

Cun Crive Gear Box 1C0.C founds
Fydreul iz Motor 7.6 pounds
3-Position Control Velve 8.4 pounds

Total 26.0 pounds

3.9 Envirommertal Control System (ECS)

In order to minimize engine fuel consumption on aircraft in the 1990 ¢ ime
frare, bleed-air extracticn as traditionally used for the £CS pack will
probetly rot be permitted. Since the weight and drag renalties for shaft
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rower extraction are considerably lower than for tleed-air extraction, it is
assumed that the ECS power unit ccmponents must be driven either directly by

the engine or by hydraulic or electric motors. The envirommental control
system has three power drive components as described in the foullowing
paragraphs., The system schematic diagram is shown in Figure 12.

3.9.1 ECS Boost Compressor

Thc ECS boost compressor raiscs ram air pressure to meet the pressure demands
of the ECS rack. It is a continuous-duty unit with a sreed range from 1£,0CC
to 40,000 rpm, and a maximum output of 50 hp. The boost campressor is mounted
on the right hand ergine-driven airframe-mounted accessory-drive (AMAD)
gearbox.

3.6.2 ECS Pack Compressor

The ECS pack compressor compresses the working fluid, air or freor, used by
the rafrigeraticn pack., It is 2 ceontinucus-duty umit with a fixed speed

tet ween 5,000 and 23,0CC rpm and an output power requirement of 10.7 hp. For
this study, a C.10-cipr motor drives the compressor directly at 10,000 rpm.
The hydraulic motor and associated 2-position control valve weigh a total of
.0 pounds.

3.9,2 Electronic Cooling Fan

Tre electronic cooling fan circulates air between the heat sink, provided by
the ECS refrigeraticn pack, and the electronic equipment. [t 1s a continudus-
duty two-speed unit running at 5,000 rpm during subsonic flight and 1¢,CCO rmm
during supersonic flight and draws 21.5 and 42.9 hp respectively at those
speeds. For this study, a 0.525-cipr motor drives the fan through a 1.5:1
speed-increesing gearbox. Component weights are as follows:

Gear Box 7.5 pounds
kydrauvlic Motor 7.6 pounds

2-Pgsition Control valve 1.C_found
Total 16.1 pounds

43

RTINS




Ll

e ne e e

RH AMAD
GEARBOX

7
PRIMARY |
DcouuasoaD D e
MOTOR C
(VAPOR CYCLE LOOP)
3
EVAPOR- ¢
: , ATOR AIR
Tl 4 —x L CYaE
-wovn. ‘ _l T Y4 DL a T YIS
o —
SFANZ . JAUXILIARY EVAPOR ~
HEAT EX [>1ATOR
> WATER
L oralx
AVIONICS/ i A
ELEC S LEAKAGE AIGH PRESS [ ReGeneR—
EQUIPMENT »{ WATER | ATIVE
- EPARATION HX
f Mﬂt-(Av IONICS COOLING LGOP) Ky
9 .
OV&RBOARD/ ALTAHT -“ VERTILATION &
"_{Dd" CECK ¢ v PRESSURIZATION AIR SUPPL Y
PRESSURI ZATI (N
CONTROL
AUXILIARY
SERVICES

fiqure 12 Environmental Control System (ECS) - Baseline Airplane
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.10 Secondary Power System

3.10.1 General Arrangement

During Phase Il several Secondary Pover System and subsystem arrangements were
devised, studied, and evaluated. This end the followirg sections summarize
thet effort and describe the selected system.

A significant factor in the development of the secondary rower generation
system avrangement is the ability to drive the engine-driven hydraul ic pumps
and electrical generators on the ground for system checkouts without towering
the main engines. This led to the seiection of airframe-mounted
accessory-drive (AMAD) gearboxes which can be declutched from the main engines
for the ground checkouts and reclutched for normal oreraticn. Stuch units were
developed for the Boeing supersonic transpert and have been used on several
recent military ajrcraft includ’ng the B-1 bember, and the F-i%, F-16, and
F-18 fighters.

S&nother siqnificant facto. is to provide power for starting the mgin engires
without external power sources. Three types of engine starters were
considered: a solid propellant or liguid propellent cartridge unit for each
engine which suprlies hot gas to an air turbine starter on each engire; a geas
turbine APU which provides hot yas to an air turbine starter on each engine;
or, a gas turdire APJ or Jjet fuei starter which provides shaft rover to eaech
eng irie.

The last cipice was favored since it can 2lso provide chaft power to the fMAD
gearboxes tc cdrive the main hvdravlic pumps and generators foir ground
checkouts. Of the several tyres of gas turbine power units which could be
considered, ths LCX/JP-8 integrated rower unit (IPU) was chosen as the moct
promising. This concept, which is beirg developed by the Rocketcdyne Divisien
of Rockweil International under Air force Aero Propulsion Laboratory contract
car operate either in a piprojellant power mode, with atrcraft fuel (J/-4) and
liguic oxygen (LOX) oxidizer, or in a standard gas turtine mode with JP-4 fuel
gnd cutside air,
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The selected arrangement is shown in Figure 14 and tne drive system components
and weights listed in Tatle ©. The LCX/JP-4 IPU and angie geerbox, bothk
normal ly declutched in flight, are connected to the AMAD gearboxes for ground
checkout of the hydraulic and electrical! systems and for engine starting., The
normal sequence is to start the IPU with the LOX/JP-4 gas gcnerator and then
inmediately switch to the gas turbine mode in order to conserve LOX. Then,
one or both AMAD gearboxes can be connected for system checkouts. The engine
power-takeoff shafts can be connected for engine starting followinag which the
IPU can be shut down and the angle gearbox declutched from cach AMAD gearbox.
Each AMAD gearbox remains connected to its &djacent engine throughout the
normz2l flight orerations.

During an emergency situation where either engine suffers a flameout, shaft
Fower can te extracted either from the opposite engine or the IPU for starting
the disabled engine and keeping 1ts AMAD gearbox rumning. In the event of
simul taneous loss of rower from both engines, the IPU can be started in the
LCX/JP-4 mode immediately at any altitude and provi“e sufficient power to

ctart arninne and AdAeiua tha AMAN naawmhnava
Tewt e Ly i MY OLEN Wil s i U WA C

1€ -~ inA efawntin
T A A

no s ranrnant ha
“hgan e o<

5. rting canr
accomplisked, the IPU continues to drive the pumps and generatcrs on the AVAD
gearboxes so that the pilot can maintain vehicle attitude as necessary for an

engine start at lower altitude or for a safe ditching or bailout.
3.10.2 Electrical Power System

The €lectrical power system for the Baseline Airplane is recuired to provide
eiectrical ruwer in accordance with the requirements of MIL-E-25499 and
MIL-STD-7C4C. It must provide source redurdercy for supplying rover to the
fly-by-wire tlight control system and cther fligrt-critical loeds in the
Baseline Airplane configuration. The electrical power system inciudes
generators, fower conversion equimment, ¢istridution circuits, and associated
control and protection devices.

Thicee different clectri.al rower generation ccncefts were ccmparatively
evaluated during Phase [I:
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TABLE ¢

ACCESSORY DRIVE SYSTEM COMPONENTS

1TEN WEIGHT (POUNDS)

RH AMAD GEAR3OX 60

RH INPUT CLUTCH 12

RH OUTPUT CLUTCH 7

RH INPUT SHAFTING 8

KH OUTPUT SHAFTING 3

RH STRUCTURAL PRCVISIONS 9

TOTAL, RH AMAD SYSTEM 99

LH AMAG GEARBOX 54

LH INPUT CLUTCH 12

LH OUTPUT CLUTCH 7

LH INPUT SHAFTING 8

LH OUTPUT SHAFTING 3

LH STRUCTURAL PROVISIONS 9

TOTAL, LH AMAD SYSTEM 93

; ANGLE AMAD GEARBOX 25
: ANGLE BOX INPUT CLUTCH 7
ANGLE BOX INPUT SHAFTING 3
: ANGLE BOX STRUCTURAL PROVISIONS 4

TOTAL, ANGLE AMAD SYSTEM 39
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(1) Integratcd Drive Cenerator (IDG) system
(2) Cycloconverter type variatle-speed, constant-frequency (VSCF) System

(3) DC-Link type VSCF system

The cycloconverter type VSCF concept was selected tecause of its higher
operating efficiency, lower life-cycle cost, and higher reliabilicy.
Equipment rating is based on the electrical load analysis discussed in the
following pairegraph.

3.10.2.1 Load Analysis

A cdetailed electrice! load ane ysis was conducted during Phase Ii and is shown
in Figure 15 and Tables 10 and 11.

3.10.2.2 Seilected System Lfrrangement

A schemetic diagram of the electrical rpower system arrangement is shown in
Figure 16 and o Vist of major components and weights in Tabie 12, Prwmary
power generation consists of two samariua-cobalt permenent-magnet generators,
one mounted on each AMAD gearbox, as shown in Figure 14, Permanent-magnet
generators were selected rather than wound rotor generators because of
increesed generatcr efficiency, improved reliability, no rotor cooling
recuirement , and improved rotor baiance due to the sclid rotor. The vcriable-
frequency generator output is fed to a cycloconverter, the output of which is
3-rhese 1207208 volts, 400 Hz. Each generatcr/cyclcconverter channel is rated
at HC kVA to provide margin for load growth. The AC load buses are
interconnected by switches which allow transferring lcads of a disabied
gencrator to the other generator. Logic prevents paraliel operation of the
generators. Three transformer-rectifier units (TRU) convert 2-rhase 4G0 Hz
rower to 28 volts DC.

AC and DC ground buses permit ground servicing of the airplane and checkout of
same equipment using ground rower without energizing all of the equipment,

par .icularly electronics, for long reriods of tim¢ on the ground. The source
of ground power can be either exterral electrical rower via an external fower
recertacie or one of the AMAD gearbox-mcunted main aircraft generaters driven
by the IPU.
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TABLE 12
BASELINE AIRPLANE - ELECTRICAL PCWER SYSTEM CCMPCNENTS

COMPONENT QUANTITY chTg_l_ggi kEI(TISPi'-lhs

Generator 2 30 €0
Cycloconverter 2 6C 120

Emergency Cenerator 1 36 26

Hyd. Motor-Emerg Gen 1 14. & 14.8

Control vaive-Emerg Cen H 1.1 1.1
Transformer-Rectifier Unit 3 1.5 27.5

Battery 40 A-Hr 1 7% 75

Battery Charger 1 6.8 6.8

Static Inverter 1 12.C 13.C

AC Power Pelay 3 POT 1 1.2 1.2

AC Power Reley 2 POT 1 1.6 1.6

AC tower Contactor 3 P5T, 20 kVA 1 3.8 3.t -
AC Power Contactor 3 PST, 60 kVA 3 5.2 18.¢ i
AC Power Cantactor 3 PDY, 60 kVA 2 6.2 12.4

DC Power Contactor SPST 3 C.8 2.4

NC Power Corntactor SPOT 2 2.1 4.2

Niring and Connectors, total 122 123
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Three high.reliability DC buses are provided for powering the triple-redundant,
fly-by-wive flight 2nntrol system. Each of these buses (FCE CHl, FCE CH2, and
FCE CH2 in Figure 16) is supplied by two sources of power: a gGenerator and a
battery. The three buses share & common hattery, but each bus is connected to
the primary electrical jower sources, i.e. the generators, tirough s different
TRY. Since there are ¢nly two main generators, two of the TRUS have to share
a common generator. One of these TRUsS (numter 3 in Figure 16) is suppiied
fran the AC ground bus, which 1s provided with switching and coatrol logic <o
that if either main AC bus is energized the AC around bus is energized. Thus
no singie tailure of a power source will cause a power interruptiocn on ainy of
the FCE buses. Loss of the battery and ore generator will cause mementary
loss of one or two FCE channels, depending on whether cr not the failed
generator is the one normally surclying the £C 5round bus. Power wili be
recovered to 2ll FIE buses within a few milliseccnds when the AC Dus or buses
on the failed generator are ‘transferred 3utumétically to the remaining
generator,

ator, driven at 200N r~mm hy a N.375-cior hydraulic motor, is
included to provide power for the critical electrical eguipment such as the
fly-by-wire flight controls in the event of 1oss of both main generators.

This generator is rated at 20 kVvA, 3-phase 120/208 volts 400 Fz. 1t can be
connected to any or all of the three main AC buses.

A 40-ampere-hour nickel-cadmius battery is included as backup for the
emergency generator, The bettery serves to maintain continuity of power to
the criticel loads during start-up of the emergency generator or the [PU
following loss of both main generators or both engines. 1in the event of loss
of both engines, the IPU will be clutched to ore or toth AMAD gearboxes to
drive the hydrauiic pumps and the main gererators. The [PU is careble of
starting an engine in flight while driving the loaded generators and hydraulic
pumrs .

3.10.2 Hygraulic Power System

The primery goal in configuring the hydrauli¢ power system for the Paseline
Airplane was te provide the most competitive arrangement, in terms of <ize,
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weight, reliability, meintzinability, and cost, thet could be considered
avaiiable for the 199C time frame. Onre of the first questions was to
determine the nunber of hydrauiic subsystems recuired.

Ricorous compliance with MIL-H-5440G could lead to the use of three subsystems
since it requires that the hydraulic system(s) be configured such thét any two
fluid system failures due to combat or othar cunage which cause loss of fluid
or pressure will not -psult in comglete loss of flight control, and thet the
surviving system(s) shall provide sufficient cuntrol to meet the level 3
flying qualities of MIL-F-8785 for converticnal takeoff and landing. hLowever,
. fron the requirements for the individuai actuation systems listed in Tabl:o 4,
ofily the canard and ele on actuation systems have 2 firm recuirement to
maintain actuation capability after the failure of two rower sources.
Ther2fcre, it was possible to consider either of tvwo becic crtions:
a. Provide three main hydraulic subsystems
b. Provide two main stbsystems with one or more additional auxiliary systems

Before a selection was made, a VYoed 3analysis was condicted, operating rressure
selected, and a runber of configuration airangements were made for study.

2.10.2.1 Load Analysis

The hydraulic fiow rates recguired for each actuater and hydraulic moter to
nbtain its design slew rate or speed were determined during Phase [1 and are
t%cu in Table 13. The maximum simultanecus fiow demends for various flight
~nditions vere determined for each of the candidate hydraulic systems and are
te¢ in Tables 14 through 16 Tor the selected acrangemert. Pump Sizes were
. determined and are listed in Tab 17.

3.10.3.2 C(perating Pressure

A number of studies, starting with those conducted by the Glenn L. Martin
Company (published in 1954 in Reference 7) have shown that hydraulic system
weight can be educed by increasing system operating iressure above the
stancard 2,00C psi level. Several aircraft in the intervening years,
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including the USAF B8-70 and B-1 bombers, the Concorde superscnic transport,
and other foreign aircraft, have been designed with 4,000 psi systems; and,
the Navy, in their desive for absolute weight minimization for future V/STOL
aircraft, has sponsored cevelcpnent of £,000 psi system technoiogy.

Aovwever, ir studies previously condusted at Boeing, it was concluded that,
with nommal design practice for air Force combat aircraft, the minimum weight
of hydraulic transmission line tube runs would be obtained with a system
aperacing cressure of apcroximately 5,000 g3 and that- their weight would
increase at nigher pressuvres. This is shown in Figure 17. As shown in the
LAMIMAR (F=4) curve, the minimum-weight pressure for tubing designed for
laminar fiow, with a burst safety factor of four times working pressure, is
arproximately 5,060 £si. With a burst safety factor of three times working
pressure (the LAMINAR F=3 curve) the minimum-weight pressure is approximately
6,0CO psi; however, tnere is very little reduction of weight by going to
pressures above 5,000 psi.

These curves al so show that t e minimum-weight rreessure increases it the
tubing is sized for turbulent flow. Since most Newy aircraft are not required
to start up from a cold soak condition ard becume airborne within a few
minutes, as required for most Air Force combat aircraft, the Nevy's tubirg
s.zes can be smaller and the fluid flow is nearly always turbulent. (Note
that Figure 17 was prepared for a presentation to the Neval Air Pevelorment
Certer and tke Naval Air Systems Command, and that the curves are based on
eauations which included the characteristics of MIL-H-83287 fluid end the
JA1-2.5V titanium alloy tucing. It is expected thet the minimum-weight
pressures would be approximately the same for other i ydraulic fluids but would
be somevhet lower for tubing alloys with ;ower strength-to-weight ratios.
However, for an ATS aircrafc in the 1990 time frame, (he use of 3A1-2.5V cold
worked titanium tubing is concidered a good choice at this time.]

Figure 18 illustrates the transition temperatures where laminar flow of
MIL-H-56C6 fluid in system tubing changes to turbulent flow for a {ypical
desiagn flow velocity of 2C feet per second. MNote that for almost all of the
normally used tubing sizes (-12 and smalier), the transiticn temperatuve is
above zero degrees Fahrenheit. Since it is considered that the ATS aircraft
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used in this study is the type which must be able to start up from a cold soak
cordition and become airborne within minutes, it is assumed that there vill be

times when design flow rates must be provided st fluid temperatures belcw zero
deareces and that the tubing must be designed for laminar flow conditicns .

In addition to the transmission line tubing, the hydraulic actuators also
rerresent a significant portion of the overall system weight. As shoen in
Figure 19, minimun weight for typical actuaters is expected between 3,CC0 and
6,000 psi depending upon actuator force size. As shown in Figure 20, the
optimum pressure for minimum space volume is somevhat higher, and also
increases with actuator force size.

Therefore, in consideration that the predicted actuaticn forces for the study
aircraft are high, and in the interests of weight and space optimi zation,
5,000 psi was crosen as the system orerating pressure.

32,10.3.3 Selected System Arrangement

The three-system hydraulic power arrangement was selected for the following
reasons:

(1) Hydraulic pump sizes required are within the range of sizes currently
available for 3000 and 4000-psi aircraft hydraulic systems. The
development of 500C-psi pumps in those sizes Tor use ir the 199C-rlus
time frame should present no insurmountatle rroblems for the punp
manufacturers.

(2) The recuired sizes of the auxiliary pumps in the two system
arrangements present a major problem due to the size of the electric
drive motors

(3) The three-system arrangement is lighter and less compiex than the
two-system arrangement.

A block dragram of the selected arrangement is shown in Figure 21, & schemetic
diagram in Figure 22, and a list of major components in Table 18.
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TAELE 18
BASELINE AIRPLANE - HYDRAULIC POWER SYSTEM COMPCNENTS

UNIT FLUID WT TOTAL
COMPONENT QUANTITY  MWEIGHY (1bs) PER UNIT WEIGHY {1bs)

Hydraul ic Pump 4 27.0 3.0 120.0
Reservoir No 1 1 11.5 15.0 26.5
Reservoir No 2 and 3 2 5.0 6.0 22.C
Temp Control Valves 3 1.0 -- 3.0
Over Temp .witches 3 0.1 -- 0.3
Heat Exchangers 3 3.0 0.1 9.3
Filter Module No 1 1 23.0 2.3 25.3
Filter Module N¢ 2 and 3 2 15.0 1.5 33.0
Case Drain Filter Module 4 g.C 0.4 33.6
Reservoir Service Panel 1 10.C 0.6 10.6
Reservoir Relief Valves 6 0.1 -- 0.6
Reservoir Bleeder Vaives & 0.1 -- 0.6
Firewall 5.0, Vaives 4 1.7 -- 6.8
Disconnects 10 1.28 -- 12.8
Hydraulic Hand Pump 1 3.4 -- 3.4
Pressure T.unsmitters 2 0.2 -- C.6
Tubing and Fittings (Total) 80.8 52.3 133.1

TCTAL 441.5




Iv AL -ELECTRIC AIRPLANE CCNFIGURATICN
4.1 General

The objective of the design phase was to select the most competitive

combination of electrical actuation systems and electrical rower systems for

¥ transmitting power tc those systems and for providing fly-by-wire control to
the flight control actuation systems that could be considered for the
100-plus time frame. In keering with the overall cbjectives ard
requirements, it was required that the selected electrical power system derive
its power primarily from the cngine through engine-driven electrical
gengrators and trensmit that power through a distribution system of electrical
buses. The totel secondery power system and actuation systems are defineu »¢
that a direct comparison can be made with the Baseline Airplane design
described in Section [1l.

4.2 Actuation Systems for the All-Electric Airplarc

Two actuation tyres were considered for the 811-flectric Airplane actuation
functions, i.e., the electromechanical actuator (EMA) system ani the
integrated actualor package (IAP) system. Three EVMA schemes were considered:
the servomotor gearbox, clutched electrical actuation, and the mecranical
servo rower package (MSPP). Alsu, three IAP concepts were considered: the
serverump concept, accunulator stored-erergy concert, and the tixed-
displacement pump ccncept. The JAP concept, however, was rejected for 11
actuation functions since in caclk case it proved to be hecavier than the
comparable EMA ir most arpli.aticons,

Under & subcemyract, AiResearch Manufacturing Company of Californie assisted
in providing data for configurations of EMAs for the various actuation
functions. The resuits of their study effort is refported in AiResearch
Cocument No. 80-17284 (Reference 1).

Data obtained from AiResearch along with data obtaired from other suppliers
was used to arrive at a selection for the actuation system for each of the

funct ons. Table 19 summar- 2es trhe selected systems for the airplene flight
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controls and Tables 20 and 21 for the non-f1ight control functions. Figure 23
shovs the location of the actuation systems in the aircraft and Figure 24
shows how these actuators are inteqrated into the aircraft. Each of the
individual applications is covered in the folloving rparagrarhs.

For ecach actuator arplication that utilizes @ OC trushless motor, a serarate
controli~r/inverter is recuired. Quring Phase II, various methods for
rackaging and <ooling these units vere investigated. The original rackaging
concept decided upon was an evsporative coouled configuration in which the
electronics vere installed in a circular container filled with a fluid cooling
medium. However, after sizing the various controller/inverters to the
individual actuation requirements, it was found that the units were very
heavy, with approximetely half the weight being due tc the fluid ccoling
mediun. Therefore, another packaging and cooling method was devised in vhich
the heat-producing electronics are mounted on a cold-plate through which a
cooling fluid is punped. The difference in these packaging concepts in terms
of volume and weight is indicatec below:

Controller/Inverter Evaporative Coolin Cold-Plate Cnolin
Reting (Amps Vol (inél Wt (IBs§ Vol (1n§§ ¥Vt (TEs)

5C 172 11.5 £6 4.0
100 426 22.5 113 7.2
180 508 36.0 1€9 li.l
200 €72 48.C 225 14.2

APlthough the volume and weight saving with the cold flate cooling concept is
impressive, some of these savinrgs must go back irto the liguid ccoling system
required to support this concept. The ligquid cceling system is described in
paragragh 4.9.4,

Configuration studies were continued after completion cf Phase 11 and have
resulted in the following actuation system changes which are reflected in
Tables 19, 2C, and 21:

——
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Canard .. changed cooling of centroller/inverter from
shared £/S to cold plate

Pudder - change¢ from AP to EMA system

LE Flaps - chtanged cooling of controller/inverter from
forced air tc cold rlate

Land ing Gear Retraction - changed from AC motors to 27CY DC motors

(both main and nose gear)
Perial Refueling and Canopy - changed from AC motors to 28V DC motors (3

places)
Cun Drive - added controller/inverter
ECS Boost Compressor - changed cooling of controller/inverter from

shared E/E to cold plate

ECS Pack Compressor and ECS

fan - changed from AC motors to 270V DC motors
ard added controller/inverters with cold
plete cooling

Tha rationale for these changes is covered in the following paragraphs which
cover these functions.

4,3 Flight Control Actuetion

4.3.1 Canard

Actuation trades considered the tvo canard surfaces interconnected as well as
separated, 2 was done for the faseline Airplane. The selec:.ed configuration
is a ballscrew actuator driving each canard surface (not intercernected). The
redundancy reguircments as specified in Table 4 are met by using three motors,
maegnetically summed on the same shaft, to power each actuator. The motors are
sized so that with one motor failed, the remaining two motors can fower the
actuator at rated lcad and speed, The configuration is shown in Figure 24
View A-A, and was selected for the following reasons:

(1) Significant weight sav 1g over the other two types of £¥A and the TAP
configurations,

. r——




(2) Deleting the interconnection between the tvo cenard surfaces saves
veight and reduces complexity. The added actuation redundancy for
separate surface control has minimel weight impact since no
additional control capability is added in terms of increased fower.

The actuation system for each of the two canard surfaces consists of the
following components:

Ballscrew Actuator 38.0 pounds
270V OC Motor (3 recguired @ €.0 1bs) 24.0 pounds
Controller/Inverter {2 required @ 7.7 1bs) 23.1 peunds

Total Weight per Surface 85.1 pounds

4.2.,2 Elevens

Actuation trades considered @ hingeline actuation system, a bedy-mcunted fover
drive unit (PDU) and hingeline gearbox configuration and an IAP. The body-
mcunted POU, consisting of twe motors and a torcue summed acarbx, along with
2 hingeline rotary gearbox shown in Figure 24 View F, is the selected
configuration for the following reasons:

(1) Less weight than hingeline EMA and IAP configuraticns.
(2) It is the only configuration considered thet fits within the
available envelore.

The actuation system for each of the two elevon surfaces consists of the
following components:

PDU/Fingel inc Cearbox 70.C pounds
Z270v DC Mot:r (2 required @ 13.7 1lbs) 27.4 rounds
Controller/Inverter (2 required @ 24.5 1bs) _49.0 pcunds

Total keight per Surface 146.4 rounds

4,3.2 Rudder

Two EMA configurations and three IAP configurations were eveluated durirg




~

3

v

)

o

3

4

%

k

-

3

‘

‘
g-
Z

Phase 1! and the POU/hingeline gearbox EVA system selected for the rudder
function because it has the least weight and complexity.

The actuation system for the rudder consists of the following components:

POU/Kingel ine Gearbox 39.C pounds
27CV OC Motor (2 Requir.d @ 10.5 1bs) 21.0 rounds
Controller/Inverter (2 Recuired @ 14.C 1bs) 28.0 rourds

Total Weight, Rudder Actuation System  88.0 pounds

4,.3.4 Spoilers

A single hingel ine motor/gearbox for each spoiler segment was seiected over
other concepts for the following reasons:

(1) Lighter and simpler than other EMA concepts (e.g., PDU in tody
driving hingeline geartox through a torque tute; bellscrew linear
actuator)

(2) AP offers no significant advantage over EMA actuation system
A neat, compact installation is possible as shown in Figure 24
View F.

The actuation system Tor each of the four spoiler surfaces consists of the
following components:

POU/HFingel ine Gearbox 1¢.C pounds
270y DC Motor £.0 rounds
Controller/Inverter 7.C_rounds

Total weight per Spoiler 22.0 pounds

4.3.5 Leading-Edge Fiers

A single hingeline motor/gearbox for each leading-edge flar segment was the
selected configuration for the seme rezsons as listed for the spoiler
application, paragrarh 4.2,4. Synchronization of the flaps is accomplished
electrically.
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he actuation system for each of the six leading-cdge flar segments consists
of the following comp. ients:

Hingel ine Gearbox 34.7 pound:
27¢v OC Motor €.5 pounds
Controller/Inverter _8 5 pounds

Total, rer flap segment 49,7 pounds

4.4 Engine 1nlet Control Actuation

4,4.1 Engine Inlet Centerbody

Only linear ectuation concepts were considered since the centerbody gecmetry
and operational requirements dictate the use of a linear actuator. The

configuration selected is a linear ballscrew electromechanical actuaztor shown
in Figure 24 View V,

The aciuation sysiem Tor each of

¢ two enginc inlgt centerbodies consists of
the following components:
Ballscrew Actuator 2.0 pounds
27OV DOC Moter E.0 pounds
Controller/Inverter 7.5 pounds
Total weigirt, per emgine 44.% rounds

4.4,2 Engine [nlet Byrpass Doors

The selected cenfiguration, shown in Figure 24 View P-P, consists of one tkA
{single motor plus plénetary gearbox package) operating each pair of doors.

The actuation system for each of the four pairs of bypass doors consists of

the following components:

Planetary Cearbox 3.0 pounds
270V DC Motor 1.0 pound
Controller/inverter 1.0 pound

Total weight rer Pair of Doors E£.( pounds
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4.5 Lending Gear end Erakes

4.5.1 Fain Gear Retraction

The main gear retraction system consists of a linear ballscrew actuator
rowered by a 27CV DC motor for each main landing gear. A separate controller/
inverter is provided for each motor. This arrangement differs from the
configuration selected during Fhase [I since it was powered by a 400 Fz AC
motor. The weight difference is negligible, however, since the weight of the
AC motor 1is nearly identical with the cambined weight of the 270V 0C motor and
the controller/inverter. Installation of the mein gear actuator is shown in
Figure 24 View R.

The actuation system for each ¢f the tvo main landing gears consists of the
following components:

Ballscrew Actuator 20.0 pounds
270V DC Motor 5.0 rounds
Controller/Inverter 5.7 founds

Total keight per gear 30.7 rounds

4,5.2 Nose Gear Retraction

As in the case of the main gear retraction system, the configuraticn ¢f the
nose gear retiaction system has changed from that selected during Phase 1I1.
The AC motor has been repleced by a 270V DC motor and 3 controller/inverter

with a very slight decrease in veignt. [nstallation is shown in Figure 24
View S.

The actuation system for the single ncse landing gear consists of the
following:

Ballscrew Actuater 20.0 pourds
27Cv DC NMotor £.0 pounds
Controller/Inverter 5.7 _pounds

Total weight, Nose Gear Actuation 3C.7 rounds
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4.5.3 MNose Cear Steering

The actuator configuration selected for nose gear steering is a rotery
actuator powered by a 28V LC brush type motor, This configuration fermits
operetion of the ncse gear steering function during towing oferations on the
ground when the only scurce of power is the aircraft battery.

The actuation system for nose gear steering consists of the following

cumgonents: .
Rotary Actuator 20.C pounds
28V DC Brush Type Motor 4.0 rounds

Total weight 24.0 pounds

§.5.4 Main Gear Wheel 8rakes

A stucdy of electric brake actuation was made by Goodyear herospace Cempany.

weight estimates for the seiected wheel and brake are as follows:

Wheel Acsembly 77 pounds

Breke Assembly 94 pounds
The brake actuation components have been segregcted frem the total brake JF
assembly in order tc permit a more meaningful comparison with the Baselire ~7;;

Airplane. The brake actuation system for each of the tvo main gears consists
of the fcllowing components:

Bull Ring Assembly 7.0 pounds O
rFotor (8 required @ C.75 lbs) 6.C pounds e
Totel, per gear 15.C pounds

4.6 Aerial Refueling System -

The aerial refueling actuation system is similar to the hydraulically actuated
system in the Baseline Airplane (raragraph 3.6) excert tnat a rotary
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electromechanical actuator (ZMA) is used for door ectuation and @ line. r EMA
is used for nozzle latch actuation. PRated .vads and weights are as follows:

Door EMA (Rotary)

Rated Load 0.5 HP

Actuator keight 8.0 pounds

Motor Weight 0.25 pounds
Total! Veight 8.25 pounds

Noz2zie Letch EMA (Lineer)

Rated Load 1750 pounds
Actuator keight 4.0 pounde
Motor keight 0.7 pounds
Total keight 4,7 pounds

Both actuators are powered by 28V DC brush type mctors so that the system can
be operated from battery pover in an emergency.

4,7 {Canopy Actuation

A linear EMA, with characteristics as listed below, was selected for canory
actuation: .

Rated load 0.5 hp

Actuator weight 7.0 pounds

Motor keight 1.0 pourds
Total Weight 2,.C pounds

The actuator 15 powered by 2 28V DC brush tyre motor sc that the canopy can
be operated fram battery rower when other power sources are nnt availeble.

4.2 Gun Drive

The total power required for the 25-mm Gatling gun is 25 hp which includes

14 hn for the gun drive and 11 hp for the feed system. A 270v 0C, 2C,000 rpm,
brushless motor was selected to provide the recuired power. Comgonent weights
are:
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Gearbox 1.5 pounds
Motor 11.2 pounds
Controller/Inverter 9.8 rounds

Total keight 2€.5 pounds

4.9 Environmental Control System (ECS)

the ECS in the All-Electric Airplane is identical to that in the Baseline
Airplane (Figure 13) except for the electrically driven components described
in the following paragraphs.

4.9.1 ECS Boost Compressor

The ECS boost compressor is driven by a brushless DC motor with a weight of
21.4 pounds. The required motor controller/inverter weighs 1% rounds. ODut:
cycle is continuous during climb, cruise, ana landing. No boost comfressicn
is required during flight at Mach 2.2 and 6Q,00C feet altitrude.

4.2.2 ECS Pack compressor

The ECS pack compressor compresses the fluid used bty the refrigeraticn pack.
It is driven by a brushless DC motor whic! weighs 11 pounds. The associated
contralier/inverter weighs & pounds and duty cycle is continuous.

4,9.3 Electronic Cecling Fan

The electronic cooling fan circulates air between the heat sirk, providec by
the ECS refrigeration pack, and the electrenic equipnent. [t is a centinuous
duty unit driven by & brushless DC motor weighing 18.4 pounds and a
controller/inverter at 16 pounds.

4.9.4 Liouid Cooling System

The actuation systems for the All-Electric Airplane described ia paragraphs
4.2 through 4.6.3 include a total of 28 liquid-cooled controlier/inverters.
“his paragrarh describes the liquid cooling system needed to provide cooling
for the controlier/inverter.
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Due to redundancy recuirements in the flight control system, three serarate
cooling loops are requirad. Heat loads have been divided ameng the three
loops «s ecually as possitle and the components sized accordingly.

A schematic diagram of the system is shown in Figure 25 and comfonent weights
are summari zed below:

Reservoirs (3) 9.2 pcunds
Fotor/Pump (3) 7.5 pounds
Controller/Inverter (3) 6.0 pounds
Heat Exchangers (3) 6.0 pounds
Tubing, fluid-total 22.1 pounds
Installation, wiring - total 30.0 fpounds

Total weight 81.5 pounds

4,10 Secondary Power System

The secondery power system for the All-Dlectric Mirplane is the Electrical '

Pover System,

4.10.]1 Electrical Power System

The electrical power syscem was designed to meet the requirements of power
quantity, power quality, and source redundancy for the rower-by-wire flight
control actuators and fly-bv-wire cenirol of those actuators, as well as the
weapons systems, avionics, fuel control, and other utility systems that
cenventionally use electrical power. The generators alco shall serve es
motors for engine startirg.

The cbjective in this phase of the study was to select the most competitive
combination of electrical power generation and distribution system components

that could be considered available in the 1990 plus time frame.

Before selecting the electrical system configuration, a comparison stucy was
made to select the specific starter-generator and power conditioning ecuipment
tyre to be used in the final trade study. Three basic concepts were
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considcred for processing the raw power (wild frequency, wild voltage)
delivered by the generator:

1. Convert all df the vower to regulated 120/208 volts, 400 ¥z, and then
rectify the desired portion to 270 volts DC.

2. Convert the desired portions of power {rom generated voitage and fre-
quency directiy to 270 volts D{ and 120/208 volts 400 Rz.

3. Convert all of the raw power to regulated 27C volts DOC and then
invert the desired prortion to 120/208 volts, 4CC Hz.

The elecirical power system configuration selected during Phase II is shown in
Figure 26. This configuration met the electrical load profile shown in Figure
27. Fowever, a major concern with this configuration was the relatively large
weight of the cycloconverters (a total of 21C pounds for the 2 units). This,
plus the fact that the rectifier bridges were lightly loaded, caused the
question: Wwhy can't loads be moved frem 4CC ¥z AC to the DC busses, the cyclo-
converters eliminated, and the remaining AC reguirements met by small

The electrical load analysis was examined and the following loacds identified
as thcse that could be powered by DBC instead of 400 Pz fower:

CCNNECTED LCAD

LorD [
Primary Fuel Boost Pumrs 7.2
Backup Fuel Bpgost Pumps 7.3
Fuel Transfer Pumps 7.3
Electroric Cooling Liquid Pump 2.0
Nose Cear Retract Actuator 5.°
Fain Gear Retract Actuators 9.4
ECS Compressor Motor 9.4
ECS Fan PMotor 37.6
Transformer - Rectifier (nits g.2
Lights 1.1
Aerial Refueling 0.4
Canopy Actuator Y

_....-».-—-—vl.d -
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Therefore, of the 99 kk of connected load supilied by 40C bz AC in the Phase
Il configuration, all but 2.2 kW could be supplied by DC, either 27C or 28
volts.

These results encouraged further consideration of the pover system change to
the extent that the total electrical load analysis was revised (see paragrarh
4,10.1.1), equipment changes identified, and estimetes made of electrical
system and cooling system impact. This lud to the following conclusions:

1. The maximum continuous 400 Hz load requirement is 2.C kk in the
CRUISE flight condition.

2. The max imum continuous 28V DC 1oad requirement is 2.9 kk in the
TAKECFF and LAND flight phases and less in other flight phases.

3. There is no significant charge in total ovcrall power recuirement.

4, There is 3 reduction of 28 pounds in total eauipment weight énd e

reduction cf 142 pounds in majer electrical power System components.

5. The effect on the liquid cooling system is & £ pound weight increase.

The net weight saving of 165 pounds was sufficient reason for making this
change in the <lectrical power system, but other considerations serve to
reinforce this decision. First, the rectifier bridges are already of
sufficient caracity to handle the additicnal 27CV DC loeds (they were sized by
the engine starting recuiremert). Se~and, the rectifier bridges are more
efficient and less cemplex than the cycleconverters, rescliting in Tower losses
and increascd reliability.

It was concluded that the configuration change was most desirgble and
therefore it was made, resulting in the schematic diagram shown in Figure 28.

Power distribution for the actuation systems is shown in Figure 29,
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4.10.1.1 Load Analysis E

The updated electrical load analysis is shown in Figure 30 and Tables 22
through 24,

4.10.1.2 Selected System Arrangement

The two m2in generator/starters are mounted on the engine spinners as shown in
Figure 31. An identical unit is mourted on the IPU power take-off pad. All
other major components, listed in Table 25, are installed in the fuselage.
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Figu.e 30 Electrical Load Profile - All-Electric Airplane
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TABLE 25 ELECTRICAL POWER SYSTEM MAJOR COMPONENTS
ALL-ELECTRIC AIRPLANE

UNIT TOTAL
COMPONENT NO. REQ'D WE IGHT WE IGHT
Generator/Starter 3 - 225
Phase Delay Rectifier Eridge 3 25 7%
DC-DC Converter 4 17 68
OC-AC Inverter (4 34 68
Rattery (2 @ 4C A-Hr) 2 75 150
AC Power Contactor 6PCT Z 18 36 ’
AC Power Contacter 6PST 2 12 24
AC Power Contactor SPST 4 1 a
0C Power Contactor SPCT 3 9 27
OC Power Contactor SPST & S 36
Electrical Wiring and Ccnnectors, total 231

TOTAL = 944 POUNDS




vV TRADE STUDY

5.1 Trade Study Methocolcgy

5.1.1 Aprroza h

The trade study was conducted in accordance with the following outline:

a) Identify alternative airplane configurations to be evaluated.
b) Identify trade study ground rules.

¢) Identify parameters to be considered in evaluation.

d) Assign weighting factors to each parameter.

¢) Perform evaluatior of alterratives.

f) Calculate weighted velue totals for alternatives.

The raremeters evaluated included:

weignt

Reliability and Maintainepility
Life Cycle Lost

Performance

Growth Potential

Survivability

E¥C/Lightning Protection

Environmental Constraints

Initially it was planned o assign weighting factors {o each of these
evaluation paraneters by comparing each against every other rarameter and
judging which is the mcst important. However, this could rot be done because
the relative importance of cach was dependent on many factors that were not a
part of thic study and different applications of a given equipment item on the
same iirplane could have a diffecrent relative importance. For example, weight
may be the greatest single overriding factor in selecting a certain actiator
for landing gear actuation whereas, survivzoility may be the mest critical fer
a flight control functicn.
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Therefore, the trades of each parameter were mede between thre elternative
airplane configuraticons that were idei::ified but the relative impertance of
each parameter was not assessed.

RV

5.1.2 Ground Rules

C—————— e

The comparison of the Baseline anc A1l Electric Airglene was mede using the
following ground rules.

It was assumed that all technological devclomments necessary to bring the
various components and systems to the point whecre they would be reedy for
application to the study airplane would be completed by 1990 and the cost of
these developments is not incliuded in this trade study. The rrogrem for the
development of this aircraft would begin with the rclease of a recuest for
rroposal in 1990 with an aircraft initial orerationai capability in mid to
late 1220's. The airplene would have a service life of 10,000 flight hours
and carpability for 6,000 landings. The airplene would be designed for a 52

minute flight duration Inciuding takeOff, ciimb and cruisc and 25 winuies

-5 F

v]

loiter, descent and landing. Both airplanes are assumea to be fly-by-wire.

The 1ife cycle costs (LCC) were estimated for peacetime operation only using
fiscal year 1981 dollars. The airrlane would be operational for a reriod of
1% years, and utilize 288 flight hours per year. The airpleanes would be
grouped in squadrons of 24 units esch. The LCC were computed for prcduction F.
quantities of 5C0 &nd 1C0C units. {

The LCC computations were done using the RCA PRICE Mocel end PRICE L Model.
The LCC are computed based on the quantity of components, weight of
components, amounts of structure, amounts of electronics (where applicable),
comflexity factors for engineering design, complexity factors for structure
and eiectronics manufacturing, and dcnsity of electronics (where applicable).
A detailed explanation of the RCA PRICE and PRICE L models is in Paragrapn
5.4. Inputs are included ir Appendix A so that the results achieved can be
duplicated by a user. The RCA PRICE Model calculates the RDT&E. rroduction
cost, and creates the ¥TBF file for use 1n the RCA PRICE L VModel vhere the
orerations and support costs are calculated for the LCC. The C&S cost




v

includes meinly the supply (parts) and labor (maintenance) for the repair of
an iRU. These costs are lower thran would be achicved by a dedicated
maintenance orgenization. In addition the LCC includes the ccst only of the
Baseline Airplane and the A11-Electric Airplene. Crew, fuel, and 211 other
systems normally included in a total aircraft LCC analysis are beyond the
intended scofe of this study and not included in this analysis.

.2 Meight

The weight analysis of each airplane is limited to the actuation systems,
secondary power systems, and the structural provisions to accommodate these
systems. Tie other systams and components that sre identical in each
airplane, e.g., evionics, fuel, propulsion, 'tc., are eliminated from the
analysis for simplicity.

Table 26 shows the weight summary for the two eirrlanes, Table 27 showe the
weights for the actuation systems for the two airplanes and Table 28 shows the
weichts for the secondary power systems for the twe airplanes. Source of the
data in each case is shown on the table.

5.2 Reliebility and Meintainebility

Reliability Evaluation

An assessment of the reliability of both the Baseline and All-Electric
Airplanes was conducted. Two parameters were used {0 comfare the two
airpianes. These were the probability of mission success end the probabifity
of aircraft flight safety. These probabilities vere ccmputed as follows. The
minimun eauipment levels (MEL) for each subsystem for toth mission completion
and aircraft safety were defined and are sunmarized in Table 29, Fault trees
were then constructed for both airplanes for lcss of mission and loss of
aircraft. Trese fault trees were developed down to the individual failure
event that contributed to the top event, Certain failure contributing systems
vhich were common to both airplanes were ' t considered in the computation
since their effects would iave the samc effect on both airplanes. FAn example
of this would he the F8W command signals since both airplares were assumed to
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TABLE 26

L ERE

SYSTEM

Flight Contrul Actuators®*
Engine Inlet Actuators+*
Other Air Vehicle Actuators*
ECS*

Secondary Power System™*

TOTAL

* From Table 27

*»  From Table 28
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AIRPLANE WEIGHT SUMMARY

BASELINE
(LBS)
876
58
211
21

A,

LdUC

2367

ALL-ELECTRIC
{LBS)
937
109
200

172

1
1;
',5



TABLE 27 WEIGHT SUMMARY -
ACTUATION SYSTEMS

WEIGHT-POUNDS

FUNCTION BASEL INE ALl -ELECTRIC

FLIGHT CONTROL ACTUATORS (875.8) (937.2)

Cenard 176.0 170.2

Elevons 30C.90 292.8

Rudder 48.0 82.0

Spoilers .2 88.0

LE Flaps 23°.6 298.2

Valves, total 14.0 --

Structurel Weight Differential*** 41.0

ENGINE INLET ACTUATCRS (53.0) (109.0)
Centerbody 36.0 8¢.0
Bypass Doors 16.C 20.9
Valves, totai 6.0 --

OTHER AR VEHICLE ACTUATORS (211.0) (199.5)
Main Cear Petraction 37.8 61.4
Nose Cear Retraction 29.5 30.7
Nose Cear Steering 22.C 24.0
Main Gear Brakes 75.0% 26.C
Aerial Refueling 5.8 13.C
Canopy Actuateor 3.9 8.0
Cun Drive 26.0 36.5
valves, total 11.0 --

£CS (21.0) (172.3)
Boost Compressor ol 40.4
Fack Compressor 5.0 16.0
Eiectronics Cooling Fan 16.1 34.4

f Liquid Cooling System -- 81.5

*  [ncludes 6.0 pcunds fluid
** Included in RH AMAD Gear Box

*xx Dye to Linear vs. Hirngeline Actuation
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TABLE 28
WEIGHT COMPARISON - SECONCARY POWER SYSTEM

IE¥ BASELINE {LBS) ALL-ELECTRIC (LBS)
Hydraulic Power Generation , 108 -
Hydraul ic Power Reservoirs 22 --
Hydraulic Power Distribution 213 ' --
Hydraulic Fluid 99 --
; AMAD Gear Eoxes 23 --
7 Electric Power Generation 232 300
% Electric Power Conversion 7 138
: Electric Power Storage 75 150
: Electric Power Distribution _165 358
1202 044

Note: Baseline data from Tables 9, 12, and 18. All-Blectric data from
Table 25.
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have FB% flight control systems. A typical set of fauit trees are shown 1in
Figure 32. The detail fault trees are included in Appendix A.

Failure rates used as inryts to the fault trees were derived from direct field
experience data, supplieir ,.edictions and failure rate tables (such as RADC's
Nonelectronic Parts Reliability Data, 1978) in that order of preference. When
failure rates of equivelent components in Military or commercial transrort
aircraft were used, the failure rates were multiplied by a factor of two to
convert then to the fighter failure rates,.

The information thus obtained, was then entered as input data to a computer
program, Simplified Computer Evaluation of Fault Trees (SCEFT), which computed
the probabilities cf 1oss of mission and 1o0ss of aircraft and thus provided
the relative reliability figures for the Baseline and All-Electric Mirrlanes.
These reliability figures are rot a comprehensive set of numters but are just
to provide a relative measure for evaluating aircraft with the tvo types of
actuation and secondary cower systems.

The computed reliebility figures are as follows:

Fission Aircraft

Success Safety
Baseline Airplane 0.995608 ¢.999863
Al1-Electric Airplane 0.995289 0.599864

The computer printouts are included in wprendix 1.

Faintainability Evaluation

An assessment ¢f the maintainability cf the actuation and secondary power

system was 2lso conducted for the Baseline and All-Electric Airplanes. This
comparison was made on the basis of the Fean-Time-Betveen-Fuilure (MTBF) of
the two airplanes' actuation and secondary rower Systems. The design of the
dgirplanes was nct sufficiently detailed to eveliuate the maintenance-critical
characteristics such as accessibility and mean-time-to-repair. The MTBFs of
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the components that were part of beth airplene systems were computed by the
RCA PRICE Program. The details of the input data used to obtain the MTBRFs for
the various comp nents is discussed irn Paragraph 5.4, The date obtained on
the individual components was then caombined to obtain the MIBF for the
actuation systems and secondery power systems for the tve airplanes as shown
in Tables 3C and 3)1. The MTBF for the 1iquid loop system design to provide
conling to the EM actuation system controller; inverters in the All-Electric
Airplane was also computed and 1S shown separately in the table below. There
was no comparable requirement in the Baseline Airplane.

MTBF IN FLYING HOWRS

System Baseline A -Blectric

Secondary Power 67 102

Actuation 139 53

Actuation Cooling -~ 331

Cverall MTBF 45 32

The abilvity of the airplenes tu oferate autonomously is erhanced by the

capebility to perform ground maintenance and system checks without having to
run the engines. In the Baseline Airplane the rower extraction from the
engines is accomplished via the AMADs. This arrangement allows a ground check
of the secondary power system via the IPU without having to run the engines.
for the All-Electric Airplane the power extraction is accomplished via the
engine spinner-mounted generators. Here the secondery rower system checkout
will not include the generatars mounted on the engine spinners. Fowever, due
t0 the cross switching capal ‘™ .:es avaeilable in the electrical pfower system
a1l the equimment dovnstream fro: the engire generators can be checked out via
the IPU mounted generatci. The generators selected for this airplene are
rermanent m:jnet generators. These generators contain no rotating rectifiers
which are the components most likely to fail, thereby requiring the generators

to pe checked out. Therefore, the lack of the ability to operate the main
generators without running the engines is rat & serious drawback for the All-
Eleciric P -iane.




TABLE 30 ACTUATION SYSTEM MTEF SUMMARY

SHEET 1 OF 2
MTBF (HRS)
FLIGHT CONTROL ACTUATION SYSTEM BASELINE  ALL-ELECTRIC
CANARD 987 296
ELEVONS 2692 316
RUDDER 2613 921
SPOILER 2692 624
LE FLAPS 897 321
ENGINE INLET 5385 1032 A
CENTERBODY 2
INLET BYPASS 2269 ~1369 ,
BOORS —
TOTALS 258 n .
UTILITY ACTUATION SYSTEMS
LANDING GEAR 1705 809
EXT-RET
NOSE GEAR 5399 3792
STEERING
MAIN GEAR 762 934
BRAKES
AERIAL REFUELING 3833 2994
CANOPY 5732 _5_3_5_2
TOTALS 397 324
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TABLE 30 ACTUATION SYSTEM MTBF SUMMARY

i TR ST WS TR N

SHEET 2 OF 2
MTBF (HRS)
é GUN AND ECS DRIVE BASELINE ALL-ELECTRIC
§
; GUN DRIVE 2379 1949
ECS BOOST INCL IN 1759
COMPRESSOR AMAD
ECS PACK 8234 4302
COMPRESSOR
ECS FAN 3578 2013
TOTALS 1218 552
TOTAL, ALL

ACTUATION 139
SYSTEMS

wn
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5.4 Lifc Cycle Cost

Life Cycle Costs (LCC) were estimeted for the actuation systems and secondary
power systems for both the Baseline Airplane and the A11-Electric Airplane,
including costs for integration of the systems with each other. The LCC
inclucdes RDT&E. Production, Suppert Investment, and Orperating ard Support
Costs. The LCC plan for this study is illustrated in Figure 33. Subsystem
desigr vas sufficient to estimate weights and volume of the individual Line
Replaceable Units (LRU) for input to the cost medel.

More detailed cost data would require preparation of procurement
specifications to obtain detailea supplier cost estimates. In addition, it
would require an increase in detail design to refine @irplane provisions and
installation details of the LRUs. This level of detail was considered to be
beyornd the score of the Preliminary Cesign nature of this study and therefore
the cost medel was run at the LRU level.

The use of LCC, including operating and surport costs, is the fpretferred
arproach for cost eftactiveness analysis in this study. Essentially, it
2llows consideration of the trades between development and production costs,
maintainability, reliability and survivebility.

5.4.1 Cost “odei

The LCC model used in the airpliane actuation trade study was the RCA Prcgram
Review Cf Information For Costing And Evaluaticen And Life Cycle Cust Model

(PRICE L).

Some of the basic program ground rules for this study were as follows:

RCA - PRICE Cost WModel

PCA - PRICE L Model

Pretotype Hardware 10 Units
Prototype Spares 5 Units
Producticn Quantity 50C, 10QC
Flying Time 288 Hrs/Year
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Grourd Cperating Time Fraction 0.4
Operating Period 15 Yrs

Airclanes Per Squadron 24

A1l Costs 1981 ¢

Cost elements included in the model are described below.
$.4,2 RUT & E Costs

The develogment cost element in LCC includes those efforts required to develorp
rreviously undeveloped or partially developed ccmporents/systems. The study
presuproses that the rew techrolcgy items identified as requiring further
development will have received the required development funding prigr tc the
technelogy availability date (1990) of this airplenc. Therefore, these costs
are not included in the ROT and E. Involved are: (1) the research into what i
is recquired, what exists, how it will function, end how it will interact with '

the system; (2) the design which is the engineerinrg required tc mechanically

figure compenents; and (3) the test and evaluation fo «ee that performance

P e
.

meets the required specifications. Production non-recurring tooling and test
equipment are part of this effort.

5.4,3 Production Costs

Production costs include the materials, lator, quality control, recurring,
tooling, rlanning, and program management efforts required for makirg the
components/systems for a given guantity buy. The production units mey be
rroduced inhouse (make) or procured outside (buy).

5.4.4 Support Investment Cocsts

Support investment costs include initial spares, ground support eguipment,
data, training, and other,

5.4.% Qperating and Support Costs

Operating and support zosts ‘nclude those efforts regquired to orerate and




maintain an airplane/system throughout its ogerational life. Maintenance
support costs are significant costs and include the effort required to repair,

[ ok -abis 2o ]

rework, and replace parts at the operationel level defined by the govermment.
5.4.6 Cost Estimating Tecknique

The PRICE L cost model has been used to estimate engineering develomment and
manufacturing cost of electronic, electramechanical, hydraulic, and mechanical
components. Numerous estimates using the PRICE L cost model were mede to
verify its accuracy. It was calibrated, when aprropriate, with vendor quotes
or by judgment based on historical data. '

Suprort investment costs were estimated using the PRICE L cost model. These
costs include support equipment end initiai spares that were estimated based
upen the logistic concept consistent with a 1990+ time frame.

Operating and support costs were also estimated using the PRICE L Model., PRICE
L cperates at the Line Replaceable Unit (LRU) level anrd provides an efficient
method for developing operating and suprort costs at the time of hardware
estimation. PRICE L allows evaluation of many logistic cconcepts in addition
to reliability, maintainability, and weight.

Figure 34 presents a flow diagram of the inputs to the RCA PRICE Model and
Figure 35 shows the development and production inputs required to calculate
the cost of an RU. A compilation of 211 the basic inputs that were used in
the PRICE Model for this study i¢ included in the Appendix. Figure 36
Fresents the inputs used for running the PRICE L Model. Table 32 presents the
velues calculated in the Cperations and Support Cast portion of the PRICE L
Model. Table 32 shows the LCC cost of a typical LRU in the study.

5.4.7 LCC Data

A summary of the L{C study results is presented in Table 34 and Figure 37.
The LCC savings of the All1-Electric Airplane over the Baseline are $13M for
500 aircraft and $23M for the 1,000 aircraft program.
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TABLE 33

PROGRAM COST

EQUIPMENT

SUPPORT EQUIPMENT
SUPPLY

SUPPLY ADMIN.
MANPOWER
CONTRACTOR SUPPORT
OTHER

TOTAL COST

RCA PRICE LCC 3UMMARY - TYPICAL LRU

DEVELOPMENT

$2303

L &2 4
ke
ki
ik

b L 4

$2303
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PRODUCTION

$15496
322
310

5

fede e
il

ik

$16134

SUPPORT

h¥

484
1243
80
1994

16
$3817
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Table 25 and Figure 38 present the summary of actuation systems LCC for 500
and 1,000 aircraft and Tables 36 and 37 present detail actustion system LCC
data for 500 anc¢ 1,000 systems respectively. )

Table 38 and Figure 39 present the summary of secondery power systems LCC for
500 and 1,00C aircraft and Tables 39 and 4C rresent detail secondary power
system LCC data for 500 and 1,000 systems respectively.

Mthough the total actuation system cost of the All-Llectric Airrplane is
greater than the-Baseline, the savings in the All-Electric secondary pover
system make it more cost effective overall.

5.4.8 LCC Clensitivity

A series of sensitivities were run to determine the sensitivity of the
engineering judgments or the inputs for an LRU in the RCA PRICE wodel. Runs
were made for a range of Engineering Comglexity, Vanufacturing Complexity, Ne.

ik madaa L

. P - _ [ SO PO I
Strucivre, and Mew CieClionics valtd Resud

- wa rlafrend ac
Cou - MW v (Vx4

e A
v Gl

change in cost.

Engineering Complexity is used in the RCA PRICE prcgrem tc scofe the
developnent effort and tc develop the amourt of celendar time {in months)
deemed necessary to complete the first prototyre. Fer instance, a 1.C
signifies a new design within an established product line, centinuation of the
state of art, whereas a 1.6 signifies new design different from estatlished
rroduct line, requiring in-house development of new electronic components or
materials. The effects of these factors on RCT and E cost and tctel LIC ere
illustrated in Figure 40 and 41 respectively. Some changes in infuts affect
all elements of cost, vhile others affect on!y one element, E&ngineering
develomment complexity affects development cost as can be seen in Figure 4c.
Howeve:r, manufacturing cost and ofperations and support cost remain
aprroximately the same as can be seen in Figure 41, Other sensitivity runs
were made on an indfvidual LRY (the controller/inverter fur the canderd) with
results as aiscussed in the following paragraphs. Figure 42 iliustrates the
effect on LCC of a plus and minus S0% change in weight of an LRU and Figure 42
siiows the effect on LCC of a change in engineering coaplexity of an (RU.
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Manufacturing Complexity cof structure is usually ar emrerically derived valug
that rep.esents the rroduct's producibility. For instance, for en aluminum
machined pert a facter of 6.21 is used and for ¢i aluminum forging e 5.77 1S
used. This factor defines the material, finished density, and fatrication
methods. Manufacturing complexity of electronics is a complexity factor which
is a function of its components, packaging density, manufacturing, testing,
and power dissipation. Ffor instance, a power supprly comrosed of discrete
components is assigned a fact -~ ov 6.941 and an LS] a factor of 7.368.
Manufacturing Complix ity Factors, as can bte seen ir Figure 44 and 45, affect
LCC cost both fur structural and el ctricael hardware. ‘inese figures show that
cost growth for complexity is steeper for electrorics than structural hardware.

New Structure and New ELlectronics defines the degres of new design required
for the structure or el.ctronics assembly that is unigue. A factor ¢of C.1
indicates that 1C% of the drawings are new. YMew Structure and New Eiectronics
values only effact the development cost, as can te seea in Figurc 46 end 47,
The precenage of new structuras and electrcnics does net affect tne
preguction and iife cyciv cost.

flectrcnic and structural next-nigher-assembly-intedrat:on cost factors have
no effect cn LRU LCC cost.
f _.CC sensitivities could have been rin for the scheduia factor bu* the
: .35 assigred prior to the accomplishmert of "hase [ and the scredule
defined as 1990, The physical en ronmen, was aiso defined end no
re * ty vs LCC sensivivities were performed.

5.8 Structyurel Integretior

From & structural intedration point of view the EM actuators mey providc an
advantage over the hvdraulic actuators. This is because in most cases the
most netimum method of actuation in hydraulic cases is usually the linear )-
piston actuators., However, this may require out-of-contour fairings, or bell-

crank mechanisms to couple to the su-~face being driven. In the case of EF
actuation, hingeline actuators can be designed to it within the wing
surfaces. Also ir the power extraction scheme utilized in the Baseline
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Airrlane via power take-off shafts driving AMADs, the locaticn of the AvaD
near the engines is desirable. This mey be in an aree vhere the fuel tank
vould necd to be located for center of gravity cdjustments during varions
phases of the flight. Alsc the structure has to be strengthened to support
the AVAD hardware. In tne case of the Ail-Electric Airplane, the power
extraction is done electrically vie a starter/generator which also rerforms
the engine start function. The power conditioning equipment may be located
where it will not interfere with the rlacement of the fue! tanks.

5.6 Growth

Pn evaluation of the growth capabilities ¢f the actuation and secondary power
systems of the Baseline and All-flectri. Airpleres was conducted. The besic
design philosorhy utilized in the sizing of hydraulic actuators is to meet the
specific recuirements of the surface actuation. The =iston cross section and
stroke is sized for maximum load/stroke characteristics.

In the EV actuaticr systems the drive power 1§ provided by sm-(Ce
permanent-meanet motors. The design of the motor is be¢ :ed on the average
lcad. The motor can be driven to groduce power levels above the capability of
the average rating for short durations, The limiting factor is the heat
generated under the various orerating conditicns. The motor windings should
not be allowed to exceed a temperature which coiLld damage the stator windings.
This carebility allows the EM actuation to satisfy additional peak loed
demands as long as the duration is compatible.

Fydraulic power systems are designed to meet military specificsetions such as
MIL-H-5440, For ex:ample, the recuirements for selection of engire-griven
hydraulic pumps states that "a sufficient number of engine-driven rumps shall
be provided to assure operation of contrel surface boost or power systems... ."
Thus the sizing of the system is to assure that the hbasic requirements are
met. If additional load growth occurs, tire system would have to be resized.

Cn the other harnd the sizing criteria for electrical rower systems as
specified in MIL-F-25409 states that "... the aircraft shall rave a
mul tigenerator primary electrical system which has a maximum continuous kVA

160
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capacity of at least twice the maximum continuous electrical load of the
initial production aircraft." This sizing criteria allows for loid gqrowth
capability in the electrical power system on both the Baseline and the All-
Electric Airvlanes. Due to the higher caracity generatcrs 2n the All-flectric
airplane, additional capability is aveilable for short durations.

8.7 Survaivability/Vulperability

Survivability is assessed by examining the ab1lity of the airpianes to safely
withstand the follcwing: :

Enemy action (combat curvivability)

- A1l engines out
Natural or induced enrv ronmentel extremes

- Cnboard system failures
Maintenance errors

- Flight crew inaction or error

Althcugh lightning is usually considered part of the "nratural environment,"
this important subject is treated separately, clong with electromagretic
compatibility, in paragrach 5.8.

The integrity cf either aircraft is highly deperdent or its rowered actuaticn
systems, especially those associated with th primary f1ight controls., A
qualitative evaluaticn was made of the relative survivehility of the Baseline
Airplane versus the All-Electric Airplaene with respect to their
invulnerabitity to the factcrs listed above.

5,7.1 Combat Survivability

Techniaues develored for enhancing electrical and hydraulic system
invuirerability to enemy action fall intc three main categories as follows:




Design techniques for minimizing expcsure so as to minimize the
probability of e hit

Avoidance of high susceptibility areas

Use of shielded locations

Concentration and preotection of critical components
Finiaturization of components

1)

Use cf armor systems

(z) Damage resistant design techniques which minimize loss of function due to
a ait

- Bailistic resistant materials and designs
- Fire/heat resistant materiais

(3) Damage tolerant design techniques

- Redundancy
- Physical separation of redundant systems

Additioral techniques that apgply only to hydraulic systems are:

- Frangible actuators

- Actuator return - pressure relief devices

- Use of overboard drains

- Leakage protection devices such as hydraulic fuses and circult breakers,
isolation valves, reservoir level sensing and isclation circuits, and
discriminating switching velves

- Reservoir considerations such as jocation, separation, and
pressuri zation

Survivability of either airpliane derends to a large deqree on the

invulnerabil ity of critical systems to enemy acticn. In the Raseline this
includes not only the actuation portion of the system, but also the hydraulic
rower supply to the system and the fly-by-wire electrical elements associated
with the system. In the BAil-Electric Airplane, the vulnerability of critical
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systems 1S increased due to the added .ontroller/inverters and associated
cooling systems. On the other hand the wires supplying power to the actuation
systoms are slightly less vulnerable than the ccmparable hydraulic lines in
the Baseline Airplane due to their umaller size. Cverall, the Al1-Electric
Airplane wiil require that emphasis be placed on the Tocation and installation
of the inverters and their cooling systems during the airrlane design to
insure the required levei of survivability is achieved.

5.7.2 Non-Combat Survivability

The hydrauiic systems on the Baseline Airplane of the 1%90's should be
comparable to hydraulic systems on current military aircraft relative to their
high invulperability to natural environments, onboard failures of other
systems and equipment, maintenance error, and pilot and flight crew inacticn
and error. VMethods of preventing failure of more than one hydrauvlic or
electric rower system due to other failures, including engine or tire bursts,
and for preventing maintenance and other human errors are highly develofed.

Invulnerability to induced enviromments should be sanewhat better than current
aircraft with engine-driven hydraulic pumps mounted directly on encine-mountea
accessory gearboxes. The use of airframe-mounted accessory-drive (AMAD)
gearboxes removes hydravlic pumps, velves, tubing, and hese from the high
noise, vitration, and temperature enviromment of the engine compartment. The
use of the higher (5,000-psi) system pressure should not introduce much of a
problem for 1990-time period aircraft. There s a good backlog of successful
operation of aircraft system oreration &t 4,00C psi, and many industri .l
systems orerate at %,00C psi. The Navy-sponsored testing at 8,00C psi has
been quite successful; and, 1t is rredicted that development of &,0CC and
5,000-psi systems for Air Force aircraft applications will be accelerated.

The electrical systems on both the Baseline and All-f£lectric Airplanes must be
designed to be invulnerable to ratural enviromments, onboard failure:c of other
systems and equipment, maintenance errur, and pilot and fiight crew inaction
and error because they supgly the contiol and monitoring rower to the
fly-by-wire systems. In additicn, the electrical system or the all-Electric
ARirplane must surply a1l actuation power to a level of redundancy comparable
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to the fly-bty-wire requirement. However, the 1imits on power irterruptions
are rot as stringent for actuation rower as they are for fly-by-wire power.

The redundant actuators for primary controls on both airplanes are serarated
as much as possible. The hydraulic actuators on the Baseline Airrlane are
more jam tolerant while the EM actuators on the All-flectric Rirplane are
susceptible to a catastrophic jam in the gearing.

Cither the Baseline or the Al1-Electric Airplane of the 199C‘s should be
better able to mairtain atvitude control with all engines out tham Current
aircraft. Upon loss of engine power, the LCX/JP-4 integrated power unit (I:!)
can te brought up to speed in a matter of seconds (ba2fore thz engines spool
down) to supply the hydraulic and/or electrical power requirements. This is
an important feature for an electric-command fully-rowered-f!ight-contrul-
system airrplene, especially with the high-bypass-ravio engines of the 7 *ure
vhich are exrected to have poor windmilling power capatility.

In the 1990+ time frame, both the Baseline and the All-Eleciric Airplane will
be fly-by-wire airplancs and will impose the same. sigrai-level power
requirements on the electrical power system in terns of redundency and
uninterruptidie power. This is reflected in the two eiectrical power system
schematic diagrams, Figures 16 and 28, where the “1ight Critical Electronics
(FCE) buses provide uninterruptible powsr while the three 28V DC buses and the
battery provide the redundant power sources. Alil ioads suppiied by these

buses are signal level or low ~ower requirements.

Tre high puwer actuaiicn loads are supplied by the triple hydratlic system in

the Baselire Airrlane and by the triple 27Cv DC bus system in the Ail-Llectric
Airplene. The third power source in the Atl-Llectric Airplane is the flight-

operable [PYU generator which is started up whenever either nain engine driver

generator cnarnel fails, 1lherefore. the loss of a single power source or any

plausibie single equipment failur- i1l not result in permznent degradation of
flight control system performance below FCS Operaticnal State I, or temporary

degracation below (S QOperatioral State [F.
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5.8 EMC/Lightning

The electrical power systems, digital systems, and electrical utilization
subsystems for the two airrlanes, and the electromechanical actuaters for the
All-Electric Airplane are designed to achieve EMC within the operating
enviroments using the desicn guidelines of MIL-E-€05]1D, MIL-B-5(878,
MIL-STD-461, and AFSC DH1-4.

5.8.1 EMC

A goud equipment EMC design approach encompasses the whole compatibility
problem fran the circuit design concepts throujh the deliverable article. The
objective is the marriage of complex circuits end squipment into a compatible
system which operates within rerformance specifications in the srecified
enyironment .

Attention 15 given to the sources of noise gereraticn witkin any equipment.
This includes equipment designed for intentional radiation as well as that not
specifically designed for radiation. Radio and radar transmitters may ccntain
spurious oscillations, harmonics, osciilators, or products of these
frequencies. Unintentiona! transmissions may result from broadband energy
generation such as switching transients, commutation, rectifier and diode
noise, and fast rise time waveforms. Tﬁesc unintentional transmitters can
create very broad spectrums of high frequency components by a rapid change in
voltage and/or energy level. A rapid change of one volt is easily sufficient
to cause failure in meeting MIL-STD-4€1 IM] generation 1imits.

Equel attention is given the EMC cnvironment. Circuits and equipment mey be
susceptible to interfering signals from the external electramagnetic field
surrounding the installed equipment, signal inputl or output wiring, power
suprly waring, or electramechanical systems.

In evaluating B for this trade study, the major variable zlement between the
two airplanes is the addition of power-by-wire actuators and associated wiring
on the All-Electric Airplane. Extra attention 1s given tc these items since
electromechanical actuators using solid-state switching for external




commutation of the drive motors generate EM] noise that must be contained
within the motor controllers to prevent conducted noise from interfering with lk_
oreration of other power utilizaticn equipment on the same bus, and to prevent
radietion to nearby signal and control wires. In the electrical rower

generation systems the output rectifier/veltage regulator network of a

rermmanent-magnet brushless DC generator and the cycloconverter in the VSCF ¥
system are both irhe atly EMI generators. Hovever, since this has long been .
recogni zed, the designs of these devices include adequate shielding and -g’-
filiering to contain the noise within the generator/converter assembly. §

5.8.2 Lightning Protection

The interaction of lightning with an aircraft, either by direct strixe or

near-miss, induces electrical transients into the aircraft circuitry.

Filitary aircraft of the 1990's will contain significant amounts of compcsite .

structure with poor electrical conductivity. In addition, the advanced j ;f

electrical power and fly-by.wire systems used in these aircraft contain many .
1 S

soi id state components. The combineiiun of the two {reduced inherent
shielding effectiveness of nonmetallic materials coupled with circuit
components that have lower tolerance to electrical transients), presents
design problems in both the Baseline and All-Electric Airplanes. The protlem
is intensified in the All.Electric case due simply to the added number of
electrical circuits and wires.

Lightning induced iransients present a hazard to electrical and electronic
systems that is met by providing an adecuate protection system. The
occurrence of several direct lightning strikes plus meny near-misses to a
given aircraft during its service life is a certainty. & direct strike to an
electrical circuit can result in considerabie physical damage to the wiring as
well as to circuit compcnents attached to the wires. If the circuit is not
struck directly, it will still have potentially damaging transient levels
induced by magnetic coufling to the lightning currents flowing through the
aircraft structure. These induced transients can have sufficient energy to
damage or at least upset solid state components.

The mechanism whereby 1ightning currents induce vcltages in aircraft
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electrical circuits is as fcllows. As lightning current flows through an
aircraft, strong magnetic fields, which surround the conducting aircreft and
chunge rapidaly in accordance with the fast-changing 1ightning-stroke currents,
ar2 produced. Some of this magnetic flux may leak inside the aircraft through
erertures such as windows, radomes, canopies, seems, and joints. Cther fields
may arise inside the aircraft when lightning current diffuses to the inside
surfaces of skins. I[n either case these interral ficids pass through asircratt
electrical circuits and induce voltages in them proportional to the rate of
change of the magnetic field. These magnetically induced voitages may arrear
between both wires of a two-wire circuit, or between either wire and the
airframe. The former 2are referred to as line-to-line voltages and the latter
as comaon-mcde velteges.

in addition *v these induced voitages, there mey be resistive voltage drcys
along the airfreme as 1ightning curreat flows through it. If any fart of an
aircraft circuit is connected anywhere to the airframe, these voitage drors
may aprear between circuit wires and the airfreme. Fur metallic aircraft made
of highly conductive aluminum, these vcltages are seldom significant excert
when the 1ightning current must flow through resistive joints or himges.
However, the resistance of titanium is 10 times that of aluminum, so the
resistive voltages in future airzcraft empioying these materials may be 1uch
higher,

Upset or damage of electricel equipment by these induced voltages is defined
as an indirect effect. It s apperent that indirect effects must be
consigered alorg with direct eftecis in assessing the vuinerability uf
aircraft electrical and electronics systems. Most aircraft electrical systems
are vell protected against direct effects but not so well against indirect
effects.

Until the advent of solid state elecironics in gircraft, indirect effects from
external anviromments, such as lightning and precipitaticen static, were not
much of @ problem and received re'!atively little attention. No airworthiness
criteria are available for this enviromment. There is increasing evidence,
however, of trouwlesome indirect 2ffects., Incidents cf upset or demage to
avionic cr electrical systems, for exemple, without evidence of any direct
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attachment of the lightning flash to an electrical component are showing up in
lightning-strike reports.

While the indirect effects are not presently a major safety hazard, aircraft
design and operations in the 1990+ time frame could increase the potential
problem due to the following:

o Increasing use of plastic or composite skin
0 Further miniaiurization of solid state electronics
0 Greater dependence on electronics to perform flight-critical functions

Design of protective measures against indirect effects are being develofed
under USAF contract F33615-79-C-2006 (Refeverce 8).

5.8.2 Wire Routing for Lightning Protection

The primary reason for optimizing wire routing is to reduce the amount of
electromegnetic flux coupled onto the conductors and therefore wiring is
Yocoted as close & fossible to the arvund plane or siructural freme. Exrosed
wiring (e.g., wires underneath a leading cdge of a poorly conducting

material) is routed close to the metal structure. The amount of flux that is
coupled to a wire is proportional to the distance separating the two
conducting mediums, Wiring is lecated away from apertures (e.g¢., windows) and
regions where the radius of curvature of the airplane framec cr outer skin is
the smallest. [n particular, wiring is not routed across obvious slots (f.9.,
access doors). Where full shielding is required, the cabie is routed in an

enclosed channel, Structural returns for exposed power wiring are évoided.

The primary threat to equipment is the conducted threat delivered to the
equipment by:

a. Lkxposed interconnecting wiring, or

b. Interconnectirg wiring attached to an exros2d element (e.g.,
windshie'd heater circuit).

The only potential threat which derends upon the fields in the vicinity of the
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equipment is E-field ccupling. I.e., nearby electric fields may induce a
voitage upon the wiring terminating in a poorly-grounded case. In order of
Friority then, the rules for equipment placement are:

2. Equipment located to minimize exposure of interconnecting wiring.

b. Equipment located in areas which are shielded from electric fields
induced by Tightning; case wcll grounded to structure to minimize the
E-field coupling.

5.8.4 Power Equipment Protection

At the present time, there are no power system requirements governing the
suppression of lightning induced transients in the kilovolt range. If new
specifications are imposed requiring the equipment to withstand the lightning
induced transients presently cbserved, filtering or shielding of individual
ecuipment would produce additional weight and cost problems in the overall
airplane design. However, by increasing the transient suppression requirement
in individual egquipment from the present military specification of 60C volts
to 60CC voits, the Toss in electromaynetic protection {roam the usege of
grarhite composite materials would be less critical. A more viable solution
is to either prevent the transient from being coupled on to the power feccers
or to suppress the transient so it does not appear at the mein power buses.
Preventing the transient from aprearing on the buses allows the use of
equirment uesigned tc the existing pover quality standards., bPethods to limit
the Yightning induced transients to Tevels below existing rower quality
standards are being developed (Reference 8). These metheds include wire
shielding, the use of TransZorbsTN, varistors, zener diodes, filters, and
surge arrestors, and the use of conductive coatings.

5.8.5 Airplane Comparison

Both airplanes are fly-by-wire and therefore require that particular attention
pe given to the electromagnetic compatibility and 1ightning protection of
circuits and equirment associated witnh safety-of-flight. However, due to the
additional electromerhanical actuators ard ciectronic controllers,
consideratly more design analysis and testing is regquired in the All-Flectric
Airplane to insure safety under all operating conditions and logical failure
modes .
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In evaluating EMC for this trade study, the major variable element between the
two airplanes is the additior of power-by-wire »ctuators and associated wiring
or the AMl1-Electric Airplane. Extra attention must be given to these items
since electromechanical actuators using solid-state switching for external
commutation of the drive motors generate EMI noise that must be contained
within the motor controller to prevent conducted noise from interfering with
operation of other power utilization equipment on the same bus, and to prevent
radiation to nearby signal and contrgl wires. In the electrical power
generation systems the output rectifier/voltage regulater network of a
permanent magnet brushless DC generator and the cycloconverter in the VSCF
system are becth inherently EM] generators. However, since this has long been
recognized, the designs ¢f these devices include adequate shielding ard
filtering to contain the ncise within the generator/converter assembly.

5.9 Environmental Constraints

Equipment on both the Baseline and the All1-Electric Airplanes will have to be
designed to withstand and operate satisfactorily in the following
envirornmental conditions:

2. Temgerature

b. Altitude

¢. Fumidity

d. Salt Spray

e. Sand and Dust

f. Fungus

g. Thermal Shock

h. Vibr:tion

i. Mechanical Shock

Hydraulic Systems

Hydraulic systems and components have been designed to withstand eénd function
under such envircmments for years. The one paraneter which gives most concern
is high temperature. High temperatures, due to supersonic flight or due to
the use of hydraulic actuation of engine control functions such as variable-
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geometry inlets and exit nozzles, mey require special fluids and scal
materials which will not break down due to sustained thermal exposure. WNany
supersonic aircraft, such as the F.111, F-14, F-15, F-16, F-18, and B-1, use
standard petroleun fluid per MIL-H-5606 and standard Buna-N nitrile Q-ring
seals. Other airc.aft, such as the B-58, B-70, and Concorde SST, were
designed for use with silicate ester fluids and either special neoprene
elastomer seals or all-metal seals (B-70). The NMach-3 SR-71 uses a synthetic
hydrocarbon with all-metal seals; and, the X-2CA (Dyna Soar) controlled-
reentry manned orbital space vehicle was also designed with that fluid and
with a combination of metal seals and high-temperature elastomeric seals. The
engine-control hydraulic system on the B-7C was desigred with a chiorinated
silicone fluid and operated at some 600°F fluid temperature.

One distinct advantage of distributed hydraulic systems is that they are
easily cooied. The fluid return 1ines can be circulated through fuel tanks to
conduct their heat ioad to the lower temperature fuel, or through fuel-to-oil
heat exchangers to take advantage of the higher thermal film coefficients
caused by the flow of fuel to the ergines.

Electrical Systems

Electrical power genmeration and distribution systems have been designed tc
withstand and operate in aircraft envirormments such as listed above.
Electronic ecuipment items have to be provided with ade mate cooling to
maintain internal temperatures at which the reliability of the semiconductors
are not impacted, Certain precautions are also necessary to locate equipment
in areas where it will not be exrosed to extremes of the above listed
environments, During the design of the aircraft, adequate consideration has
to be given to location of sensitive electronic egquipment in areas where
ambient conditions will subject the ecuipment to a minimum of environmental
extremes,

In an All-Electiric aircraft, the EV actuators will bte located in areas which
will be at one or more of the envirommental extremes listed above. An examrple
of this is the location of EM actuators in the leading &nd trailing edge
surfaces of the wings. Here the actuators are subjected to the temperature
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extremes (especially high temperatures at supersonic cruise conditions). The
worst case temperature in the leading edge 15 275°F at the upper surface. The
EM actuators must be designed to withstand and orerate at these temperatures.
Temperatures in excess of these values may require that additional cooling be
supplied. Other environments such as s&lt spray, sand and dust, vibration and
shock extremes will also impact the design of the EM actuaters. Alihough
these environments will impact the design of the EM actuators, none of them
are too severe to preclude the use of EM actuation.

5.10 Technojogy Risk

The EBaseline Airplane seccendary power generation system is similar to that
rrorosed for the Boeing supersonic transport and later incorporated in the B-1
and F-15 eircraft. The airframe-mounted accessory-drive (AVAD) gearboxecs are
well-proven designs which provide a great deal of orerationel capability.
They allow hydraulic and electric system checkout and operaticn on the ground
without operation of the main angines. The integrated fower unit can drive
all of the hydraulic pumps and generators,

The LOY/JP-4 integrated rower unit (IPU} allows fast engine starts both on the
ground and in flight at any altitude. It 1is currently under develoment by
the AFWAL ARero Propulsion Laboratery, Aerosrace Power Division, Power System
Branch. It combines the performence ¢of a bipropellant turbine power unit with
a conventional gas turbine APU and should bte sufficiently developed for

aircraft use by 1985.

The hydraulic system pumps and other components are 81! tased upon proven
technology. Several aircraft hydraulic systems heve beern put into froduction
with 4,000-psi orerating pressures, and meny industrial equipments use
5,000-psi systems. The use of 15-3Cr-3Sn-3A% titanium alloy for hydraulic
tubing has yet to be proven. It has an ultimate tensile strengih of

20C,000 psi compared to 125,00C psi for the 3A1-2.8V cold-worked titanium
alloy currently in use, and offers a 37.8% reduction in dry weight in the
larger sizes. In the smaller sizes, 3/16 and 1/4-inch diemeter, the same wall
gage (0.C16 inch) as would be used with the 3A1-2.:5V tubing was assumed.
Mthough the 15V-2Cr-3Sn-3A1 alloy has yet to be applied to hydraulic tubing,
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its physical properties appear compatible toc that application; and, it is
considered to be the materisl of the future.

The hydraulic actuation systems are all based upor proven actuator, hydraulic
motor, and electrohydraulic servovalve designs, The only unique features are
the use of valves to sequence the canard ram actuators and elevun ram
actuators in stages derending upon the imposed aerndynemic hinge-moment load,
and the use of digitally-controlled externally-commutated hydraulic motors
operating through a torque-suming gearbox for the rudder. These are two
types of load-adaptive actuation system arrangements being investigated by the
Boeing Military Airplane Company.

Eiectromechanical actuator designs for the Al1-Electric Airplane include light-
weight low-torque high-sreed electric motors along with high-ratio sreed
reducing gearboxes and btallscrews. The electric motors require high energy
Froduc. ¢m-Co permanent magnets. The availability of magnets with large
energy product: (22 to 30 megagsussoersted)at reduced cost and increased
volune will be necessary. Increasing motor speeds will result in reduced
motor size and weicic for a fixed power requirement. Motors used in this
study were in the range of 18,000 to 25,000 rpm. khile metor speed is not
limited by existing technology (units in excess of 10C,C00 rpm have teen
built), there is certain risk associated with the motor and gear train
technology, especially when the actuator is to be utilized for random duty
cycle applications such as for primary f1ight controls. The gearboxes can be
jamed ¢ue to loss of lub-icant, gear wear, bearing wear, gelling failure,
fretting corrosion, or tooth breakage. Improvements are needed in gearbox
design and overall acutation efficiency.

Electromechanical actuators of this tvpe are being used on the Fir Force/
Boeing A@Q* &6A (Air Launched Cruise Fkissile) for the fin control. Electro-
mechanical actuators were alsc used on the Compass Cope remotely piloted
aircraft, However, these were low horsepower units.

The equipment used for electrical rower generation in both the Baseline and
All-Electric Airplane is based on recently developed technology. The 6C and
150 kVA permanent magnet starter/qenerators have been built or are in the




development stage under programs being conducted by the AFWAL Aerc Propulsion
Laboratory. A flight test of a 60 kVA starter/generator in conjunction with a
Variable Speed Constant Frequency (VSCF) system is planned for the near
future. The Baseline Airplane power conditioning and distribution system
consists of a 115V AC 400 Hz VSCF system. This type of system has already
flown or certain versions cf the A-4 and also the F-18 aircraft.

270V DC. This type of equipment is also under development under funding of
the Naval Air Develomment Center. The major risk involved in this area is in
control, protection and switching of large currents at 27CY DC and in the
integrity of the redundant power bus. Development in this area is also teing
conducted and some protection and switching hardwsre hes been built and
demonstratied. '

The All-Electric Airplane power conditioning and distribution is done at 1
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VI TECHNOLOGY NEEDS

This trade study assumed a state-of-the-art existent in the 1990 time frame,
and therefore concepts envisioned to be available in the 1990 time reriod were

exploited in the study. Consecuently, there are inherent technical needs

involved in the results of the study, based on the fact that a mature

technology based was assumed.

Because of the years of experience and solid technology base that exists with
hydraulic controls and actuation systems, and the lack of equivelent
exrerience, and therefore relatively weak technology base with electric
controls and actuation, there are greater technical needs associated with the
Al1-Electric Airplane. This does not mean that nothing needs to be advenced
in the Baseline Airplane, but only that there are less risks involved in
achieving the Baseline Airplane relative to the All<Electric Airplane.

* I ST

The technology needs to achieve both aicplanes are discussed in the following

> paragiaphs.

6.1 Baseling Airplane Techpology Needs

6.1.1 Actuation Systems

The use of load adaptive/stored energy actuation systems could significantly
reduce equipment weight and so the development of these systems srould te

pursued.

Multiple-piston motors can be used in some applications with 1ittle or no
gearing and could account for additional weight savings.

The develomment of a staged secuential actuation system would be desirable,
In this concept multiple hydraulic ram ectuators are _cquontially controlled
in a way which allows them to adapt their power demands to meet the megn’*ude
of resisting loads and also to recover power from aiding loads. The advantage
is thet the demand from the supply pump is directly reduced by the number of

actuators in the group.
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The use ot high pressure hydraulic systems contributes to a reduction in
hydraulic system weight. The developments required in this area are high
pressure pumps, seals, tubing, and fittings.

6.1.2 Special kydraulic Component

The flexibility and reliability of & hydraulic power systcm can be improved by
the use of a high-flow bidirectionai power trarsfer unit. This unit,
connected between two hydraulic power systems, c¢an provide a second source of
rower for each of the systems and therefore is a desirable technoliogy
advencement .

The development of hydraulic fuses and circuit breakers will improve airplane
survivability by providing means to isolate failed hydraulic systems ard limit
fluid loss after sustaining rhysical damage.

Direct-driven single-stage servovaives are currently under development and
have the potential for reducing the internal fluid leakage and power loss
associated with two-stage valves. Additional develuogment is needed, however,
to previde the driving force capability to overcome jsmming due to
contaminants in the hydraulic fluid.

The use of digitally-controlled stepper-motor-driven rotary distribution
valves with hydraulic-motor-driven actuation systems and the use of stagea
sequentially-controlled valves with multiple cyl inder piston actuators have
the potential for significantly reducing peak hydraulic system fiow demands.
The potential gains warrant further develomment.

6.2 All-Electric Airplene Technclogy Needs

6.2.1 Motors

The availability of magnets with large energy products at reduced cost and
increased volume will be necessary for future servo systems. An energy
product of 22 «x 106 gauss-oersted was used during the study. Energy product
magrets above the study value (30 x 106 gauss-ocersted) with imgreved
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properties woyld be welcomed. The availability of such magnets in commercial
quantities will al'ow the development of smailcr, lighter motors, with higher

specific power and power-rate capabiiities.

Increasing motor speed is desirable in that it reduces motor size and weight
for a fixed power requirement. For study purgoses, an upper Timit on motor
speed of 25 Krpm was uscd. Wkhile motor speed is not limited by existing
technology (units running in excess of 100 Krym have been built), questions
concerning motor and gear train reliability remain to be answered. This
concern is especially valid for random duty cycle machinery such as position

servos.

Numerous parameters must be specified during the metor design process.
Attempting to satisfy ali of the actuation system requirements with an optimum
motor design is an exceedingly difficult engineering task. Freqguently, motors
are overdesigned because of this; occasionally a motor is underdesigned
resulting in inadeguate performance or failure. Development of motor
selection crileria or slgorithms for servo apriications would be very
beneficial to the designer. Such tools would allow rapid preliminary design,

and expanded detail desigr capabilities for motor optimizaticn.

Maintaining the largest possible rotor 1/d ratio is desirable, in that it
minimizes rotor inertia, thus maximizing motor accelercetion and power-rate., A
max imum 1/d of 3:1 was used as a design constraint during the study. Building
motors with such large 1/d ratios, while feasible, is difficult. Improved
manufacturing methods permitting exploitetion of favorable gecmetries is

viewed as beirg desirable.

6.2.2 Electronics

Power FETs with the required characteristics must be developed in crder to
satisfy control and thermal management schemes. A suggested device rating of
5C emps is conservetive, and should bt readily achievable during the next

decade,

Mtheugh judicious design of a power controller/inverter can avoid demage due
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to switching transients, the problem of inductive eneigy dissipation must be
dealt with. Bus-to-controlier and controller-to-actuator Tine inductance will
determine energy dissipation requirenents (snubber circuit design) and motor
respon:e characteristics (electrical time conctant). Both ¢f these inductance
sources will be driven by bus characteristics, and controller-actuator
location.

Additionally, over-voltage conditions due to motor over-speed (e.g., response
with aiding load) must be addressed. Again, controller/inverter design wil!l
provide a path for power flow and energy dissipation, but bus chavacteristics
will be a major factor in determining configuration,

Compact, reliable optical/eiectrical interfaces are currently aveilable.
towever, application of these interfaces in FCS equipment has yet to be
demonstrated. The application of optical/electrical interfaces at the FCS
actuation system controllers, inverters, and actuators; and optical data
transmission between these assemblies must be gvaluated and demonstrated.

Present micruprocessors ave sdequate for the proresed aprlication, Increased
through-put capability and environmental operating conditions would be
desirable, from the standpoint of appiicatien and reliability.

6.2.3 Controller/Inverter Thermal Management

Further work remainc to be done in the areas of controller/inverter
ortimization and analysis.

Long term usage of R-113, -11, or some other coolent must bte addressed.
Resistance to chemical decompositior, and maintenance of a high dielectric
rating are necessary for application tc controller/inverter cooling.

A careful evaluation of the heat sink employed {ajr, fuel, or other) must be
performed for each application. The selection will impact the aircraft in
both weight and power denand.

Methods to reduce the internal thermal resistance of the semiconductor devices
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resistance contributes a

should be investigated. The internal thermal
significant portion of the overall resistance between the junction and cooling

medium,
6.2.4 Mechanical Components

Operating stresses of approximately 90 and 14C ksi were used for the gearheads
and hingeline drives resrectively. These stress Tevels are at or slightly
ghead of the state of the art. The smaller hingeline drive used for the
elevon, spoiler, and rudder would orerate at a maximum stress level of

179 ksi. The drive would have a 1ife of approximstely 10,000 cycles at the
corresponding load (fully reversed cycling, 90 percent confidence facter).

Advances in material fatigue characteristics will be recuired, if the life or
confidence factor fTor designs such as the above are not adequate for a given

application.

jmpact of increased gearing speeds should be investigated. For the speeds
assumed during the study, oil sling lubrication would be necessary. This
could impose sealing and maintainability difficulties.

Measurement of drive stiffness, static and dynemic, is very difficult due to
the stiffness valuves, loads, and frequencies involved. UCevelopment of test
methods with repeatable (to within some scatter factor) results, vould lessen

the 21 'ost total dependence on calculated data.

6.2.5 Control

Improved sensors for motor rotor positicn and rate, and sctuator position and
rate are necessary. Current devices have characteristics which lead to
vagueness during a change of state (step outputs) or nonlinearity
(proportional outputs). Sensors which provide a direct digital input would te
the most desirable, since A/D converters would be unnecessary. Cptical
sensors would allow direct courling to a controller tus.

In the event of a failure in one channel of a multi-motor actuator, control




reconfiguration will be required. This requircment may be Tikened to a

"mul ti-mode" adeptive contraol. Development of adaptive control schemcs to
deal with actuation system failures will be necessary. Implementation of
adaptive control would also allow its expansion to full time adaptive control

for selected paremeters.

Modern control theory has metured during the past two decades into a useable
conirol methodology. # considerable body of literature has developed, as a
result (Reference 6). However, due to unfamiliarity or computational
difficulty, most servo engineers have preferred to utilize classical control
theory for design purposes. The literature of modern control theory should be
reviewed for applications to servo design. A partial motivetion for this
recommendation is thaet EM actuation control systems are inkerently noniinear;
and many of the components have nonlinear characteristics which dominate the
response. Modern control theory is much better equipped to deal with

nonl inear control systems than is classical theory.

The desigin of dig
(continuous) controls; and as ccmmon place as analog controls of ten years
ago., While the technology has advanced, relevent specifications have not
changed (Raference 7). A desirable advancement would be to update applicable
servo references and specifications to address both digit.l and analog control

{discrete) controls is no more complex than analog

L
L

p—]

-
(%

schemes .

6.2.€ Secondary Power System

In the area of secondary pover systems, studies will have to be conducted to
detemmine the best method of providing electrical rower to EV actuation
systems, This will include effort in the following areas:

0 Studies to determine the type of rower to be generated and
distributed and the level of power conditioning needed.

0 Type of generation system that would be most amenable to pertorm the
engine start function.




0

The best means of extracting power - whether the generator should be

mounted on the engine spinner ve on a geartox connected to a power
takeoff sheft.
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VII RESULTS AND CCNCLUSIONS

7.1 Discussion of Results

The objective of the design etfert was Lo ensure that the actuation and
secondary rower systems for both airplanes meet all the design requirements.

In the first phese of this program, actuation systems requirements for the
various functions were defined. Quring the second phase of this contract,
actuation systems werc configured for the various applications to meet the
requirements specified in the first phase. Also during the second phase,
secondary power systems were configured to power the actuation functicns, in
addition to meeting all the other airpiane seccndary power requirements. From
these configurations an optimum set of actuation and secondery power systems
was selected for both the Baseline end All-Electric Airplanes. Boeing's
experience in the design and use cof hydreulic actuation systems, aiong with
that of leading industry suppliers, provided the basis for final configuration
selection for the Baselinc Airplane. In the case of the EM actuation systems,
thc final selecticns were -~ade based on information suppiied by the
subcontractor, AiResearch ranufacturing Company of California. AiResearch also
rerformed anzlyses of the flight control EM actuation systems tc make sure
that these systems met all the requiremencs srecified in the first phase of
this program. Thus, there was a good level of assurance that the two sets of
systems that were traded in the third phase would meet all th¢ performence

requirements.

A summery of the quantitative comparisons of the Baseline and All-Electric
Airplane systems is shown in Table 41. The weight of the EVM actuation systems
was about 20% higher than the weight of the hydraulic actuation systems. Cn
the other hand the weight of the secondary power system of the All-Electric
Airplane wa: 20% lower than that of the daseline Airplane. Overall the total
weight of the actuation and secondary power systems was about the same for the
tvo airrlanes.

The conparison of the reliability of the two 2irplanes was done by computing
the probabilities of mission success and aircraft safety. As can be seen from
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Table 41 the results were gquite similar in both cases. The measure of
maintainebility was evaluated by computing the mean-time-between-failures
(MTBF) for the two airplanes. The FTBF for the hydraulic actuation systems
was almost th ce times higher than for the EM actuation systems. #He ever, the
VTBF of the secondary power system for the All-gElectric Airplane was about 50%
higher than that of the Baseline Airplane. This resulted in the overall
Baseiine Airplane secondary power and actuation systems MIBF being 33% higher
than that for the All-Electric Airplene.

The 1ife cycle cost for EM actuation systems was 16% higher than the hydraulic
actuation systems. OCn the other hand, the LCC cost of the secondary rower
system for the All-Electric Airplene was 42% lower than the Baseline Airplane
secondary power system. This resulted in the overall LCC of the Al1-Electric
Airplane being approximately 12% less than the CLaseline Airrlane.

In addition to the quantitative analysis, the systems of the two airplanes
vere evaluated with respect to six other paramecters or a qualitative basis. A
summary of this comparison is shown in Table 42.

The fact that electrical ystems are designed for twice the maximum average
load capacity allows addilional growth advantage in the All-Electric Airplane
secondary power system over the Baseline Airplane. From a survivebility/
vulnerability standpoint, hydraulic actuation (where linear pistons are used)
is better than ™ actuation since the simplicity of design of the hydraulic
ram actuators pricludes the possibilities of jamming that may occur in
lightveigh gearboxes used on EM actuators. Electrical power systems have the
capability of isolating an individual circuit which has failed and shorted
through the action of circuit breakers., Similerly, Fxdravlic systems cer be
fused and isolation precvided to maintain system integrity should a hydraulic
Tine be broken or dameged, especially due to weapons effects. Aircraft fires
can be fueled by leakage of hydraulic fluid, MIL-H-5606 was used for weight
estimeting purroses in this study. Fire resistant hydraulic fluid, currently
under development, is heavier and vwould add a weight peralty to the hydraulic
system,

The Ali-Electric Airplane will be more vulnerable to the electromegnetic
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threats due tc eiectromagnetic interference (EMI) and lightning, especially
since future aircraft will be utilizing more and more non-metallic
(fiberglass, composite) structures.

The Al1-Electric Airplane is also penalized if the EM actuation and electivical
rower systems have to gperate in an embient where high temperatures may exist.
The distributed hydraulic system has the adventage of using fluid to remove
heat from the actuators which can then be transferred by means of heat
exchangers to a suitable sink such as the fuel. However, on dead-ended
systems, or thoss that are inactive during flight, suwch as the landing gear
actuation systems, thermal problems do occur (both overheating and freezing on
sane missions) so special protective measures may be requivred. The systems
used on the Baseline Airplane are a projection of a technology that nas a high
rrobebility of being achieved., In the Al1-Electric Airplane the projected
technology is higher risk with develoments required in the use of high
voltage OC, gearbtox and motor design, electrical power integrity, actuation,

redundancy management, and survivebility of control designs,
7.2 Conclusions

Based on the results of this study it is concluded that an All-Electric
Pirrlane is feasible assuming that appropriate development is pursued. For an
airplane of the size and mission as that studied in this program, the weight
and the reliability/maintainability factors are about equal. A reduction in
1ife cycle cost in the secondary power system can be achieved by extracting a
single type of power (electrical) rather than by extracting tvo tyres
{electrical and hydraulic). Moreover, this reduction is not only adequate to
make up for the increase in EM actuation LCC but 2lso to provide & net overall
reduction over the Baseline Airplane.

The other six factors that were considered provided advantages and
disadvantages for both aircraft designs that offset each other to some exten..
Efforts to improve on the hydraulic actuation and hydraulic power systems are
continugusly being pursued by the military, aircraft manufacturers, and
systems verdors, Certain problems associated with EV actuation and electrical
power systems are also being pursued. For exemrle, development of EM
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actuators 1is being pursued by the same set of agencies listed above. One area
of concern is the high risk associated with the use of 1ight weightt gearboxes
in EV actuators, especially for primary flight control actuation. A lower
risk alternative is thc integrated a tuator package (IAP) which can be
utilized in the most critical applications of the primary flight controls,
thus allowing the achievement of &n Al1-Electric Airplane.

Another area of concern is the vulnerability of fly-by-wire/power-by-wire
systems to electromagnetic threa*s due to EV] and lightning. Work i3 being
done to devise methods tc protect the electrical/ electronic equipment,
without undue cost and weight penalties. The F-16 is truly a FEW airplane.

As is always the case with radical departure from triec¢ and true methods, the
F-16 has had its problems, but ncne that can be called insurmountable. The
FB¥ electronics are probabiy more vulnerable to EVC/)ightning effects than the
PEW or EM actuation systems, since the latter are operating at much higher
power levels and hence are less likely to be impacted by electromagnetic noise
or transients. In any case, shiclding technicues are being develored that are
ected to provide the necessary protection for both electronics (RUs and

actuators.

Considerabie effort was expended in this study to ensure that the EM actuation
systems would not be subjected to excessive temperatures during superscnic
operations. For subsonic aircraft tre additional cooling provisions for the EM
actuation system controllers could be reduced considerably or even el iminated.
This would result in reduction of the EM actuation system weight, improvement
in VTBF and further reduction in LCC. A comparable cooling system requirement
does not exist in the Baseline Airplane hydraulic actuation system so the
mission change would not provide a comrarable reduction.

It is also anticipated that for a much larger aircraft the weight differential
in the secondary power system could be greater. This would be possikle
because of the relatively greater increase in the weight of hydraulic tubing
and fittings and the hydraulic fluid in the system. This would also result in
additional LCC reductions in the Al1-Electric Airpiane.




VIIIT RECOMMENDATIONS

This study was based on thc premise that certain technclogy needs in the EM

actuation and electrical power systems will be fulfilled., These are:

o O 0O © o ©°

Also to be
systems as

G

Therefore,
pursued:

Higher energy product Sm-Co permanent magnets

More efficient power switches

Eetter heat removal techniques

More efficient and lighter weight gearboxes and ballscrews
Protection of PBW electronics from electromagnetic threats
Developnent of optimum type of electrical power generation and
distribution system

fulfilled are techknology needs in the hydraulic actuation and pever
follows:

Figher pressure hydraulics

Advanced hydraulic components

Special hydraulic actuation componcnts
Fire resistant hydraulic fluids

it is recommended that developments in the follcwing areas be

For Baseline Airpiane

Actuation Systems
- Joad adartive/stored erergy actuation
- staged sequential servo ram actuation

Advanced Hydraulic Systems

- high pressure pumps, seals, tubing, and fittings
- hidirectional power transfer uniis

- hydraul ic fuses and circuit breakers

Fire Resistant Hydrauvlic Fluid




For All-Electric Airplane

0 Gearboxes
- Tight veight
- high efficiency
- jam resistant/tolerant

o Motors
- length/diameter/power/inertia/speed parametric deta

o Motor/Cearbox Optimization Techniques
- speed optimized for maximum power transfer

0o Load Adaptive/Stored Energy Actuation Techniques

o Controller/Inverters
- thermal management
stection

CRe A

- EMC/1igrtning pr
- multiplex date bus interface
0 High Voltage DC Electric Systems
- starter/generator
- fower switching/protection/distributicn
- EMC/1ightning protection

In addition tc the ebove it also is recommernded that developments in the
following areas be pursued since they wiil be aprlicable to both airplene
types.

0 Integrated Actuator Packages
- Servo Pump Concept
- Serve Valve/Accunulator Concert
- Fixed Displacement Pump Concept

¢ Cearless Speed Reduction Motors

=t ol B




¢ Electromechanical Brake System
0o Closed Loop Envirommental Centrel. Systems
Developments suggested above would help to provide the technical basis to

allow the option of selecting the test soluticn to optimize the particular
airplane configuration and design being considered.
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APPENDIX A

RELIABILITY DATA

This appendix contains the mission loss fault trees and the airplane loss
fault trees for both the Baseline and the All-Electric Airplanes. In
addition, computer printouts are included for probadility of mission
completion and probability of airplene safety for both the Baseline and the
All-Electric Airplanes.
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LOSS OF BASELINE AIRPLANE
MISSION

p - oS
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CONTROL BELOW
MINIMUM LEVEL
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GUN DRIVE
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________
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ROLL CONTROL
BELOW MINIMUM
LEVEL

97
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ELECTRICAL
POWER SYSTEM
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BELOW MINIMUM
LEVEL

96
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POWER SYSTEM
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FLAPS BELOW
MINIMUM LEVEL

95
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| Loss OF OTHER
I MISSION

| CRITICAL SYSTEMS

REFERENCE ONLY

LANDING GEAR
BELOW MINIMUM
LEVEL

90

]
|
|
|

ENVIRONMENTAL
CONTROL SYSTEM
BELOW MINIMUM
LEVEL

Figure A-1 Missfon Fault Tree for Baseline Airplane
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BASELIN RPLAN
LOSS OF MISSTON SELINE Al :

PITCH CONTROL MEL - MINIMUI EQUIPMENT LEVEL
t = 1.28 HOURS
D | 89
ELCVON BELOW CANARD BELOW
MEL MEL

REFERENCE ONLY

SEE COMPLETION

OF THIS LEG

UNDER ROLL

CONTROL ,

! 74 81

CANARD COMMAND CANARD ACTUATION CANARD POWER
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5

| 4 6
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2 3
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|
e
; 35 36 37
! HYD SYS H'D SYS HYD SYS
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| FAILS | FAILS L FAILS _J

* TWO-DUAL TANDEM ACTUATORS ~ONTROLLING CANARD
DEFINED AS THREE REDUNDANI ACTUATORS

** FAILURE OF EITHER HYD SYSTEM CAUSES
MISSION ABORT UNDER ELEVON FAULT TREE

O C-14 ELEVATOR PCU FR X 2

i Figure A-2 1loss of Missfon Fault Tree -
l Pitch Control Baseline Airplane
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LOSS OF MISSION BASELINE AIRPLANE
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C-14 FR FOR AILERON PCU
+ CONTROL VALVE MODULE
h X 2 FOR FIGHTER ENVIRONMENT

Figure A-3 Loss of Mission Fault Tree -
Koll Control Baseline Afrplane
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' LOSS OF MISSION BASELINE AIRPLANE

P t = 1.28 HOURS
YAW CONTROL 8 HoU

== ==
! 85 H
RUDDER
. RUGOSR COMMAND RUDDER POWER
P BELOW MEL PCTUATION 1.0SS
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POWER LOSS
! ; L J ]
i ' | n 1 e
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P -
O x=88x 10 A=83X107°
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Figure A-4 Loss of Mission Fault Tree -
Yaw Control Bascline Airplana
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MISSION LOSS

LANDING GEAR FAILS

BASELINE AIRPLANE

' 70 RETRACT FAILURE TO RETRACT CAUSES
: EXCESS DRAG PRECLUDING
3 SUCCESSFUL MISSION
15 = LANDING GEAR
; MLG = MAIN LANDING GEAR
g H ; B g3 t=.0.10
LOSS OF ' L.G. RETRACT
L.G. RETRACT
ACTUATOR ACTUATION
e COMMAND FAILS ACTUR
REF ONLY REF ONLY
P22 [ 23 " R
NOSE LG RIGHT MLG LEFT MLG
ACTUATCR ACTUATOR ACTUATOR
FAILS TO FAILS T0 FAILS TO
RETRACT RETRACT PETRACT
x=10X 1678 A\ =40 % 1078 X =49 % 1070

Figure A-6 Loss of Mission Fault Tree -
Landing Gear Baseline Alrplane

e NOSE GEAR RETRACTS FORWARD
THEREFORE CAN EXTEND BY FREE-FALL

e INADVERTENT EXTENSION 1S CONSIDERED

TO BE AN IMPOSSIBLE FAILURE MODE
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MISSION LOSS BASELINE AIRPLANE
ENGINE INLET

t=1.28

; 1 j } 25 ’ 26
! L0SS OF ENGINE| |LOSS OF ENGINE RIGHT ENGINE LEFT ENGINE
INLET ACTUATOR INLET ACTUATOR INLET ACT. INLET ACT.
POWER COMMAND FAILS FAILS
REFERENCE ONLY A= 50X 105 A =50 % 10°°

EST EST

LOSS OF EITHER ENGINE INLET RESULTS
IN REDUCED ENGINE EFFICIENCY WHICH PRECLUDES

; MISSION SUCCESS . K
) ] '
| ' Fiqura A~7 Lass of Micsion Fault Tree -
| Engine Inlet Baseiine Airplane
| .
| 93
i
- MISSION LOSS t = (3/4) (MISSION TIME) |
- GUN CONTROL t = (3/8) (1.28) = 0.97 ;
{
!' )
| d
i ' 3
Ll
i ! f - T | i
| | | 1 27
L.05S OF LOSS OF GUN GUN CONTROL
ACTUATOR CONTROL ACTUATOR
| ; POWER COMMAND FAILS
| i REFERENCE ONLY y =13 x 10°6
© C-14 SHAKER ACT. F.R.
X2
Figure A-8 Loss of Mission Fault Tree -
Gua Contiol Baseline Airplane
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92
MISSION LOSS BASELINE AIRPLANE
SPOILERS HARDOVER OF ANY
SURFACE CAUSES
EXCESSIVE DRAG
O C-14 T.E. FLAP SYSTEM FR WHICH RESULTS IN
¢ % 2 M MISSION ABORT
| t = 1.28
_ 1 82
SPOILER p—
COMMAND HARDOVER
FAILS

128 [ 2 T 30 I

LEFT OUTBOARD LEFT INBOARD RIGHT GUTBOARD RIGHT INBOARD
FAILS H.O. FAILS H.O. FAILS H.O. FAILS H.C.

. 1

n - - - -
A=120%108 a=120%x10% A=120x108 =120 %108

Figure A-9 Loss of Mission Fault Tree -
Spoilers Baseline Airplane

5 MISSION LOSS BASELINE AIRPLANE
| ELECTRICAL POWER ¢ = 1.08

| SYSTEM =1.

|

O C-14 ELECT SYSTEM F.R.

i X 2
N R l 33 34
| ELEC. S5 ELEC. SYS EMERG.
| fn f2 ELEC SYS
i FAILS FAILS FAILS
O %= 1200 X 1070 A= 1200 X 1078 %= 1200 x 1076

@ LOSS OF 2 OF 3 ELECTRICAL SYSTEMS RESULYS IN MISSION ABORT.
‘ ' o tACH "SYSTEM" ASSUMED TO CONTAIN ITS OWN DISTRIBUTION SYSTEM

B , e ASSUMES NO SINGLE FAILURE POINTS EXIST THAT CAN CAUSE ALL SYSTEMS TO
‘ : GO DOWN AT ONCE.

© IGNORES LOSS OF ENGINES AS A CAUSE OF ELECTRICAL SYSTEM LOSS SINCE THE
EFFECTS ARE THE SAME FOR BOTH BASELINE & ALL-ELECTRIC AIRPLANES

Figure A-10 Loss of Missfon Fault Tree -
Electrical Power System Baseline Afrplane
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LOSS OF MISSION BASELINE AIRPLANE
ENV IRONMENTAL
« MISSION TIM
CONTROL SYSTEM t = MISSION TIME
t=1.28
L 38 ]
£CS £cs
CONTROLS BELOW ggggé fogs
L0SS MEL
REF. oMLY o= 2400 X 1076 REF. ONLY
(COVERED IN UTHER
TREES)

QCECS F.R. FOR ECS (OPEN LOOP) = 2427 X 1078

Figure A-11 Loss of Mission Fault Tree -
ECS Baseline Alrplane
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SAME AS 1.0SS OF

LOSS OF MISSION BASELINE AIRPLANE

HYDRAULICS t=1.28
2/3
. 3
| | 35 36 37
' HYD SYS HYD SYS HYD SYS
# #2 #3
FAILS FAILS FAILS
O x<sg0x 100 A=80x10°° X =80 X 10°°

o LOSS OF HYD SYSTEMS #1 AND #2 CAUSES LOSS OF AERIAL REFUEL,
GUN DRIVE, AND ECS WRICH RCSULTS IN MISSION ARORT,  THIS
ASSUMES THAT THE ECS FAILURE IS ODETECTABLE AND ABORT CAN
BE ACCOMPLISHED BEFORE LOSS OF CRITICAL FLY-BY-WIRE
AVIONICS OCCURS, OTHERWISE LOSS OF A/C CAN RESULT FROM

LOSS OF BOTH HYDRAULIC SYSTEMS.
¢ EACH “SYSTEM" ASSUMED TO CORTAIN ITS OWH DISTRIBUTION SYSTEM,

I

|

i

’ ® ASSUMES NO SINGLE FAILURE POINTS EXIST THAT CAN CAUSE ALL
/ SYSTEMS TO GO DOWN AT ONCE.
|

|

l
|

|
|
|

» IGNORES LOSS OF ENGIKES AS A CAUSE OF HYD SYSTEM LOSS

O C-14 HYD SYS F.R. X 2

Figure A-12 Loss of Mission Fault Tree -
Hydraulic Power System Baseline Alrplane
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B i R

100

LOSS OF ALL-ELECTRIC AIRPLANE
MIS '
SION AELOM-2 FILE NAME

94 %
ENGINE INLET PITCH CONTROL
CONTROL BELOW BELOW MIKIMUN
MINIMUM LEVEL LEVEL

33 98
GUN DRIVE
CAPABILITY ROLL CONTROL
BELOW MINIMUM BELOW MINIMUM
LEVEL LEVEL

SPOILERS

YAW CONTROL

RELOW MINIMUM

LEVEL LEVEL
91 %
POUER SYSTENM LEADING ence
FLAPS BELOW

BELOW MINIMUM

BELOW MINIMUM
LEVEL

e )

| Loss oF omiER
| mrsston

MINIMUM LEVEL

95

LANDING GEAR
BELOW MINIMUM
LEVEL

90

EMVIRONMENTAL
CONTROL SYSTEM

| CRITICAL SYSTEMS{

e evm Sae e Gww e

REFERENCE ONLY

BELOW MINIMUM
LEVEL

Figure A-13 Loss of Mission Fault Tree -

All-Electric Atrplane
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99
- C
L0SS OF MISSION ALL-ELECTRIC AIRPLANE -
PITCH CONTROL MEL - MINIMUM EQUIPMENT LEVEL !
t = 1.28 HOURS
- 3
{ 2
N 89
ELEVON BELOW CANARD BELOW a
MEL MEL 5
REFERENCE ONLY
SEE COMPLETION
OF THIS LEG
UNDER ROLL
CONTROL I
| 7 81
CANARD COMMAND CANARD ACTUAT 10N CANARD POER
BELOW MEL BELOW MEL BELOW MEL
REFEQENCE ONLY ) <6
SAME IN EACH CASE xRE: c’;":f
4 5 6 R
RCTUATOR ACTUATOR ACTUATOR i
2 3
FAILS FAILS FAILS
»)

A= 180 x 1076 2= 180 x 107® w180 x 1076 | .

O AIRESEARCH ACTUATOR FR + 172 x 10”5 FOR INVERTER

Figure A-14 Loss of Missfon Fault Tree -
P{tch Control All-Electric Afrplane

e e 10t A TR,



LOSS OF MISSION
ROLL CONTROL

ALL-ELECTRIC AIRPLANE

MEL - MINTMUM
EQUIPMENT LEVEL

t = 1.28 HOURS

i | e8 Y, 1 e
ELEVON COMMAND LEFT ELEVON RIGHT ELEVON ELEVON POWER
BELOW MEL BELOW MEL | BELOW MEL BELOW MEL
REFERENCE i %
ONLY - SAME .o A= 0 x 10
IN EACH CASE REF ONLY !
7 I [ 9 1 10
ELEVON - ELEVON - ELEVON ELEVON
ACTUATOR ACTUATOR ACTUATOR ACTUATOR
] "2 3 4
26 6 5 Z6
A= 180 X 10 A= 180 X 10°° A= 180 X 10 A= 180 X 10
NOTE:

C-14 FR FOR INVERTER = 86 x 10°°

FIGYTER CONVERSION x 2 = 172 x 1078

AIRESEARCH A FOR ELEVON ACTUATOR 8.2 x 10-6

Figure A-15 Loss of M'ssion Fault Tree -
Rol11 Control Al1-Electric Airplane

“ACTUATOR" FAILURE RATE INCLUDES INVERTER AHD ACTUATOR




97
LOSS GF MISSION ALL-ELECTRIC AIRPLANE
-t w 1,28 HOURS

YAW CONTROL
|
»
|
|
| - 8 b
1 RUDDER COMMAND ' RUDDER - RUDDER POWER
. BELOW MEL
3
i REEERENCE ONLY. R REFERENCE ONLY
SAME IN EACH CASE
| ¥ ) B
H 3
o - |
| % L L
| i RUDDER ACT. RUDDER ACT.
- n ‘ 7
FAILS A FALLS
1 _— D -
Ae1g0X 10°° ~ a=180x 107"

Figure A-16 Loss of Missfon Fault Tree -
Yaw lControT Al1-Electric Airplane
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95

MISSION LOSS
LANDING GEAR FAILS

ALL-ELECTRIC AIRPLANE

YO RETRACT FATLURE TO RETRACT CAUSES
; EXLESS DRAG PRECLUDING
{ SUCCESSFUL MISSION
; LG = LANDING GEAR
i MLG = MAIN LANDING GEAR
i ~— oy »
’ LOSS OF G. R T L.G. RETRACT
ACTURTOR | [ Eokpanp FALLS ACTUATION
POWER FAILS
REF ONLY REF ONLY
[ 6 | 23 | 2
5 NOSE LG RIGHT M1G LEFT MLG
LosS OF ACTUATOR ACTUATOR ACTUATOR
28 VDC FAILS T0 FAILS TO FATLS TO
BUS i RETRACT RETRACT RETRACT
O yapx10® X =176 X 10°° A=176X 1078\ =176x 107°

O C-14 FR x 2 FOR FIGHTER

¢ NOSE GEAR RETRACTS FORWARD

THEREFORE CAN EXYEND BY FREE-FALL

® INADVERTENT EXTENSION IS CONSIDERED
TO 6% AN IMPOSSIBLE FAILURE MODE

Figure A-18 ULoss of Mission Fault Tree -
Landing Gear All-Electris Afrpiane
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MISSION LOSS ALL-ELECTRIC AIRPLANE
ENGINE INLET
t=1.28
| ) 25 26
! LOSS OF ENGINE| |LOSS OF ENGINE RIGHT ENGINE LEFT ENGINE
: INLET ACTUATOR| |INLET ACTUATOR INLET ACT. INLET ACT.
POMER COMMAND FAILS FAILS
REFERENCE ONLY % = 8X108 ae g x106°8
E.1.
INVERVER
| A= 172 x 1078
i LOSS OF EITHER ENGINE INLET RESULTS
L IN REDUCED ENGINE EFFICIENCY WHICH PRECLUDES
a MISSION SUCCESS
( Figure A-19 Loss of Mission Fault Tree -
! Engine Inlet A1l-Electric Airplane
: { 93
| MISSION LOSS t = (3/4) (MISSION TIME)
| GUN CONTROL t = (3/4) (1.28) = 6.97
|
I
|
| B
|- ’ '
|
| | .f b 1=
: | LOSS OF LOSS OF SUH GUN CONTROL
ACTUATOR CONTROL ACTUATOR
POWER COMMAND FAILS
REFERENCE ONLY 7 ' - A =180X 10"5

Figure A-20 Loss of Mission Fault Tree -
Gun Control All-Electric Airplane
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MISSION LOSS ALL-ELECTRIC AIRPLANE
f SPOILERS HARDOVER OF ANY
| SURFACE CAUSES
| EXCESSIVE DRAG
{, WHICH RESULTS IN
| , MISSION ABORT
| 3 .
! : SPOILER .

SPOILER
COMMAND

/ : Lo HARDOVER
| ;
B .
| | 28 12 |30 | T
| LEFT OUTBOARD LEFT INBOARD | |RTGHT ouUTBOARD! | RIGHT INBOARD
: FAILS H.O. FAILS H.O. FAILS H.O. FAILS H.0.
| A= 176 X 1078 A« 176X 108 A<176 x 168 =176 x 1078

Figure A-21 Loss of Mission Fault Tree -
Spailers All-Electric Alrplane
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1 MISSION LOSS
ELECTRICAL POWER

ALL-ELECTRIC AIRPLANE

2/3
32 33 34
ELEC. SVS ELEC, SYS | EMERG. =
LA ELEC SYS
FAILS FAILS =
A= 2400 x 1078 ) =2400 x 1078 A= 2400 x 1076

e L0SS OF 2 OF 3 ELECTRICAL SYSTEMS RESULTS IN MISSION ABORT.

® EACH "SYSTEM" ASSUMED TO CONTAIN ITS OWN DISTRIBUTION SYSTEM

e ASSUMES NO SINGLE FAILURE POINTS EXIST THAT CAN CAUSE ALL

SYSTEMS TO GO DOWN AT ONCE.

e IGNORES LOSS OF ENGINES AS A CAUSE OF ELECTRICAL SYSTEM LOSS SINCE THE
EFFECTS ARE THE SAMC FOR BOTH BASELINE & ALL-ELECTRIC ATRPLANES

Figure A-22 Loss of Mission Fault Tree -
Electrical Power System All-Electric Airplane
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90

LOSS OF MISSION
ENVIRONMENTAL
CONTROL SYSTEM

T T -

T N

ALL-ELECTRIC AIRPLANE

t = MISSION TIME
t=1.28

1
i
)

HYD ¥ & 2
POWER LOSS

{ 38
ECS £CS
CONTROLS BELOW
LOSS MEL
REF. ONLY Oy . 2502 x 10°8
35

1 TAIIYN

I.l\'u;u

COOLING

SYSTEM FAILS
0SS OF 0SS OF 1085 OF
L1q COOL LIQ coot LIQ COOL
SYS A SYS 8 SYS ¢

A= 500 x 10°° A= 500 x 1078 A= 500 x 1078

O FROM CECS ON LIQUID REFRIG
DISTRIBUTION SYSTEM

REF. ONLY

(COVERED IN OTHER
TREES)

Figure A-23 Loss of Mission Fault Tree -
Environmental Control Systam
All-Electric Afrplane
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LOSS BASELIRE
OF AIRPLANE
AIRCRAFT
BALOAC-1 - FILE NAME
93 96 ;
LANDING PITCH
GEAR CONTROL
E 92 . 95
f LEADING ] ROLL
} Efggs . : CONTRGL
.
; .. %
4 : ' ' ) .
b ' ELECTRICAL
3 POMER
5YSTEM
|
! 91
| F———
| | LOSS OF OTHER | HYDRAULIC
! SAFETY CRITICAL [ POWER -
! | Systems SYSTEM
L et SR A -— T
I REFERENCE ONLY - '
Figure A-24 Loss of Alrcra®t Fault Tree -
Baseline Afrplane )
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LOSS OF BASELINE
AIRCRAFT AIRPLANE
PITCH CONTROL
t; - 1.28
k] T 1
90 ! N 89 !
CANARD ELEVON CARARD CANARD LOSS OF
SURFACE HARD Cewioen SURFACE AL HYD
FAILS 70 H.0. v iy
TRAILING OVER POSITION
REF ONLY (REF ONLY) (REF ONLY)
5 o, Sae B
FORCOMPLET BOTH DESIGNS SYSTEN TREE
80 19 78 77
RIGHT CEFT
CANARD CANARD A e o
FAILS FAILS HARD OVER HARD OVER
TRAILING TRAILING
h-*—k Lﬂ'J
7 8 9 1o 1 12
ACT 41 AT 2 ACT #3 AT 44 ACT 45 ACT #6
FAILS FAILS FAILS FAILS FAILS FAILS
HARDOVER HARDOVER HARDOVER HARDOVER HARGOVER KARDOVER
*2s0.9 x 1078 A=0.9 x 1078 X-0.9 x 107® 2209 x 1076 Xe0.9 x 10°% Aw0.9 x 1070
* ONLY FAILURE MODE THAT CAX
SRODUCE A HARD OVER FATLURE
MODE IS LOSS OF MECHARICAL
POSITION FEEDBACK OF EACH 1
SERVOVALVE THAT CONTROLS
EACH SEGMENT OF THE DUAL . p
TANDEN ACTUAT
TUATORS ACT §4 ACT 06
FAILS FAILS
TRAILING TRATLING
. . A=92 x 1070 A=92 x 10°°
1 2 3 5
ACT 11 AT #2 ACT 03 ACT #5
FAILS FAILS FAILS FAILS
TRAILING TRAILING TRAILING TRATLING
. ur .
Aoz x 16°°  Amzz x 1078 )e92 % 10 =92 x 107

Figure A-25 Loss of Aircraft Fault Tree -
Pitch Control Baseline Airplane
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95

LOSS OF BASELINE
4 AIRCRAFT AIRPLANE
| ROLL CONTROL
1 t1 - 1,28
ss_ | : 1 I | Y
BOTH ELEVON *
ELEYONS CANARD COMMANDED LOSS OF ELEVON
HYDRAULIC SURFACE
FAIL HARDOVER 70 H.0, PUMER HARDOVER
TRAILING POSITION
(REF ONLY) (REF ONLY) (REF ONLY)
SEE PITCH SAME FOR
CONTROL FAULT  BOTH DESIGNS
TREE
; 5 1 s 76 ___| 75
i > LEFT RIGHT LEFT RIGHT
i ELEYON ELEVON ELEVON ELEVON
{ FAILS FAILS FAILS FAILS
| TRAILING TRAILING KARD OVER HARD OVER
; A= 168 x 1078 A= 168 x 107 A A
| [ I ) £13
!
74 173 72 | ]l n
; LEFT LEFT RIGHT RIGHT
z ELEVON ELEVON ELEVON ELEVON
: GOES H.0. GOES H.0. GOES H.0. GOES H.0.
: up DOWN up DOWN
13 | e s | 16
ACT d1 | [ AcT #2 ACT 1 ACT #2
FAILS H.O0. FAILS H.O. FAILS H.0. | | FAILS H.O.
| up up DOWN DOWN

A= 1.68 x 10-6 2o 1,68 x 1075 )= 1.68 x 1072 2= 1.68 x 1o‘°|

* FAILURE OF ELEVON v 18 19 | 20
IN ANY FIXED POSITION ACT #3 ACT M4 ACT #3 ACT M
OTHER THAN HARDOVER FAILS K.0, | | FAILS H.0. FAILS H.0. | | FAILS K.O.
ASSUMED TO CAUSE ue up DOWK DOWN

ABORT BUT NOT A/C LOSS. = 1.68 x 10°6 A= 1.68 x 107 X\« 1.68 x 16 A= 1.68 x 1075

Figure A-26 Loss of Aircraft Fault Tree -
Roll Contrcl Baseline Airplane
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e e Lt E it SRR, 2 2 Ech bt S St U T

? 94

]
@ T | wne
i ELECTRICAL AIRPLANE
| POWER SYSTEM | ¢ 1.2
| 2 22 1 23
ELEC SYS ELEC SYS ELEC SYS
1 FAILS #2 FAILS 13 FAILS
O« 1200 x 1076 A= 1200 x 1078 X = 1200 x 105 -

O C-14 ELEC SYSTEM FR X 2

Figure A-27 Loss of Aircraft Fault Tree -
E'Iecttfica"i Power System Baseline Afrplane
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93

S OF
o ArT BASELINE
LANDING GEAR ALRPLAKE
ty = 0.10
[__86 [ 85 i _1 8
WAIN GEAR NGSE GEAR L0Ss OF (0SS OF
FAILS FAILS LANDING LOSS OF BRAKES
TO EXTEND T EXTEND GEAR AND NYDRAULIC DURING
0R REMAIN OR_REMAIN BRAKL PONER LANLING
EXTENDED FXTENDED CONTROL ROLL

(REF ONLY) (REF ONLY)

83 82 I 30 | 31 X 34
DOWN_LOCK
uP LOCK )
LEFT RIGHT ACTUATOR ACTUATOR RLGHT LEFT
GEAR GEAR FAILS TO FAILS T0 BRAKES BRAKES
ENGAGE OR FAIL FAIL
RELEASE
HOLD
Ae=5x 10 Aa5x 10 O Ae 853 x 20 Aw 53 x 10°
32 0 C.14 F.R, x 2

A y EXTEND/
RETRACT
LJ [_3 ACTUATOR
SAMS

As 91 x 1078
28 ] [ 1 ez
RT DOWN
RT EXTEND RT UP LOCK LOCK ACT
ACT FAILS ACT FAILS FAILS TO
OR JAMS T0 RELEASE ENGAGE OR
HOLD
=91 x10% Ausx10® Aa5x10®
| T 1 5 126
LEFT DOWN
LEFT EXTEND | LEFT UP Lock} | vock AcY
ACT FAILS ACY FAILS FAILS TG
OR JAMS T RELEASE ENGAGE OR
HOLD

As91x10% Ae5210° Aesx10
® NOSE GEAR RETRACTS FORWARD. GEAR C'M B EXTENDED BY FREE-FALL IF NOT JAMMED OR LOCKED,
® NOSE GEAR STEERING ASSUMED TO BE USED DURING TAXI OMLY AND IS NOT SAFETY CRITICAL.

o MAIN GEAR (PER SKDE) © 1 LIMEAR PISTON ACT + 1 SOLENOID VALYE + POSIT INDICATOR
= 91 x 1076

Figure A-28 Loss of Aircraft Fault Tree -
Landing Gear Baseline Airplane
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92

RASEL INE
¢

ATRCRAFT AIRPLAKE
LEADING EOGE 5 = 0.15 HOURS
FlLAPS

<

v

1 I )
— a8 —_
LSS COF L9ss OF L.E. FLaAP
SYMMETR ICAL 0

ACTUATOR COMMAN
LIFT I INCORRECT |

POVER

; (REF ONLY)
[ 70 J € ‘ l 68
LEFY WING L.E. LEFT WING ! E ';g RIGHT uxus
FUPSALL FAIL] | L.E. FLbs Lt l L.E. FLAPS
TRAILING HARDOVER TRAILIYG ' HARDOVER
1
1 1
l I s1 l 4 L b | & 1 as —
SURFACE 1 SURFACE 1 SURFACE 2 | surrace 3 surace 5 1| Tsurrace & o
™AUWS ¢} | [namoovre HARDOVER ol ykARDOVER | | fnaroover 1) Iuaroavex 1
Le108 x 10 A= 108 110783 =108 x 10 A= 106 x 10 A= 128 x 10 A= 108 x 10 :
¥ 37 2 33 4" 1 it
SURFALE 2 SURFACE 3 SURFACE 3 SURFACE & SURFACE § SURFACE &
TRAILS TRAILS ] |narooven namOWER | haamooveR | [WacoveR
A= 108 x 10°§) | 108 x 10 A= 108 x 1 Ae 108 x 10°5) [N w100 x 10 A= 198 x 10

(REF ONMLY)

ACT A ACT 8
FAILS FAILS
TRAILING TRAILING

® L.E. AAPS REQUIRED FOR T,J. A0 SOMETINCS UGCO FOR LANOING (EXPOSURE TINE 3.05 TAKEOSY

MDD 0,10 OURING LANDING)
® LOSS OF ALL FLAPS ON ONE WING DURING LANDING OR Y/O CAUSES LOSS OF A/C

Figure

A-29
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Lass of Afrcraft Fault Tree -
Leading Edge Flaps Baseline Airplane
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Wt e cneeapn 4 o g vt e

91
LOSS OF BASELIKE
AIRCRAFT AIRPLANE
HYDRAULICS
t=1.28
| &7 48 | a9
HYD SY5 HYD SYS KYD SYS
£1 FAILS # FAILS J 3 FAILS
A = 80 x 1078 A =80 x 106 A« 80 x 1078

Figure A-30 Lloss of Afrcraft Fault Tree -
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Hydrauifc Power System Baseline Alrplane
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99

LOSS ALL-ELECTRIC AIRPLANE
F
m‘ém AELOAC-1 - FILE NAME
2 98
- LANDING PITCH
' GEAR 7] CONTROL
|
;I -—
94 . 97
LEADING ROLL
?Eﬁgs CONTROL
96
ELECTRICAL
POWER
SYSTEM
93
r;_(;; OF OTHER -; ENVIRONMERTAL
| SAFETY CRITICAL l 1 gg’gggt
L..SYSTEHS (LIQUID CGOLING)
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Figure A-31 Loss of Afrcraft Fault Tree -
AlY-Electric Airplane




b it 2 i Lt et o it St o T

e — e - . - ~-

98

22%

Figure A-32 Loss of Aircraft Fault Tree -
Pitch Control All-Electric Afrplane
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Figure A-33 Loss of Afrcraft Fault Tree -
Roil Control All-Electric Airplane
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Figure A-34 Loss of Al rcraft Fault Tree -
Electrical Power System A‘I}-E’Iectric Atrplane
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@ NOSE GEAR RETRACTS FORWARD.
e HOSE GEAR STEERING ASSUMED 7O BE USED OURING TAXT ONLY AND IS NOT SAFETY CRITICAL.
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Figure A-35 Loss of Afrcraft Fault Tree -
Larding Gear All1-Electric Afrplane
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RPPENDIX B

RCA PRICE-L COST MODEL INPUT DATA

This appendix contains the RCA PRICE-L cost model input data for 500 Baseline
and All-Electric Airplanes. Tables B-1 and B-2 contain data for the actuation
systems and Tables B-3 and B-4 are for the secondary power systems. The input
data for 1000 airplanes ic identical except for the "Production Quantity
(QTY)" number on the input dsta sheet {see Figure 35). For 500 airplanes, QTY
is 900 times QTYNHA; for 1000 «irplenes QTY is 1000 times QTYNHA.
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TABLE B-1 RCA PRICE MODEL INPUT DATA-BASELINE AIRPIANE
ACTUATION SYSTEMS, 500 AIRPLANES

SHEET 1 OF 3

111719

LiNEAR AZTUATOR-CANAKRD
1P L1428 2

.11

RODIFIED £-2-8)

HYPRAULIC SERVO VALVE - CANARD

LINEAR ACTUATQR-ELEVON

NMINYL.0AT  20-SEF-£)

90190 ~ePRITE 4

001190

02120 2000 &0

20130 40 .5 1.8 1)
00140 17 S.0 .1 0 ¢

401%9 190 € C

9140 198 C C 35

20143

03170 109¢ 10 7 .0292 1
90140 2.3 .3 1.8 101
148 1\ 4.4%5 3.8 .1 00 .2)
40200 40 7.940 .1 0 2 1.0
Qoo o190 C C 1

20220 0193 C C 10053
Q9230

90240 2000 40 73 .31 1
¢Q2se 4 .5 .5 1.8 1%vet

0260

48340

02150
20360
9320
10380
41390
49400
7045¢C
40420
00430
LhA40
00430
10440
€479
40480
069¢
44390
9910
920
83
LHL40
£330
L4%40
54370
L0
%7390
L4600
%h419
“ae20
h430
74450
9650
22Y 1
cna7%
“ e RQ
00400
20700
09710
00720
03730
90740
0475¢C
40760

74.5 S0 4 & 0 .32
100

40 T.%40
o190 C C

0193 € C 10033

RDTARY AQOTOR - RUDDER

7,5 .0313 1

2.5 .3 1.8 1901

¢ .1 90 .2)
A0 01

100¢ 3¢

.13 5.8
A0 7,740
otv0 C C

1

0395 € € 10933
HINGEL INE OGEAR BSX - AUDDER

390 31 2
10.51¢
22 5.9 .
o190 C C
0195 C C

-
-

0957 2

.8 1981

1019
1

”
]

REQULTION GEAR 80X - RUDGER
1 .0478 2
10 .3 1.8 19081

11 5.0 .1 90 .32

360 1% 1

o0 € C
vies € C

1

(3
oo

LINEAR ACTTUATOR - SPOLILER

2000 40

17.8

0937 1

4 .5 .5 1.8 1901

17.3 2.9
40 7,94
190 € €
15 C C

.40
1
L1009

4

2109 .33
1

LINEAR ACTUATOR - LE

4020 t80
12 .3 .3
0.0 5.8
40 7.9
10 ¢ €
19 € C

1e.3

S101d 1

1.9 190
100 X3
4001

1
J00ST

FLAP

LINEAR ACTUATOF - ENGINL INKLET CEMTEREZOOY
18 .0947 1
2.% .5 1.8 1908

.1 ¢ 9 .53
1991t

1600 30

17.3 1.8
40 7.94
192 € F
195 C €

10033

ROTARY SEAR 80X - ENGIME IMLET 8YPASS COOR
2 .0007 1}
1.0 1781

2000 &0
4 .3 .5
1.7 S.0
AC 7.94
teo C €
s C €

.1 0
10
1

10053

Q

v

33
1
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TABLE B-1 RCA PRICE MODEL INPUT DATA-BASELINE AIRPLANE
ACTUAYION SYSTEMS,. 500 AIRPLANES

SHEET 2 OF 3

20770 HYDRAULIC AOTOR - ENGINE INLETY RYPASE DOCK
00?80 2000 40 2 ,0083 °

00790 40 .3 1.0 170)

00809 2 5.8 .1 00 .33

00810 190 C C

ooRe 193 C € 33

00830 LINEAK ACTUATOR ~ MAIN LANDING GEAR
QONAQ 109¢ 30 19.? .0993 2

oonio 20 .5 1.8 10)

00840 16.9 3.9 .1 ¢ 0 .37

00870 1o ¢ C 1

QURBC 193 ¢ C 5%

20890  LINEAR ACTUATOR -~ NDSE GE«F
00900  3QC¢ 1S 29,5 ,15%3 2

20916 10 .5 1.9 1983

009290 29.5 5.8 .1 0 0 .33

90930 iv0 CC 3

LA AN 193 € C <%

G09S0 COWTROL VALVE., 3 POSITION - LANDING GEAR
00960 500 13 3 0123 1

20970 1.5 .3 1.9 1181

oorec 2,85 5.9 .1 Y0 .3X

40999 w0 7,94 .1 201

01000 1fe Cc C &

21919 195 € C £00%%

01920  ACTUATOR - NOSE STEERING GEAR
431970 560 1% 22 (0957 ¥

0104¢ 10 .5 t1.08 L%

219%0 22 %.0 .3 0 0 .33

21069 190 C C 1

21970 1?5 € C 23

Q108C 1SOLATION WALVE - OGKUUNUY 3i57TEnm
21990 1900 30 2 .0083 1

0110¢ 2.9 .3 1.9 19

LIRRY ] 1.7 3.8 .4 0 0 .32

01126 40 7.94 (1 0 0 12

91130 190 € C ¢

Q140 185 € C 100%%

211590  ACTUATOK - RAIN BEAR BRAYES
G1t40 1000 30 12 .0432 2

N1 20 .5 1.0 1983

Qim0 128,89 .1t 00 .13

91190 i?0 ¢ C 1

ot200 198 C C SS

4121¢  CONTROL VALVL - AAIN GEAR BRAKES
43220 1000 30 ¥ .04 2

31230 26 .3 1.0 18}

1260 ? 4.32 .1 00 .13

91200 1% C C

Q1260 198 € C 3%

51270 SHUTOFF CALVE, AAIN GEAR BRAYES
91200 1000 33 1 .004 2

N0v) 24 .3 1.8 1981

01 30¢ t 5.2 .100 .1}

21319 1% C C |

RIS 14 19e C € 3%

1720 SARFING UALYE - #AIN GEAR PRAMES
RFR I 1000 3¢ 2.9 .01us D

213%¢ 20 .3 1.8 1981

21360 2.5 %.8 .1 00 .3}

71370 190 C C 1

[381{ 2] 193 € £ 33

01390  ACCURULATOR - AAIN SEAR BRAKES
01400 1000 30 1¢ .0781 2

51410 20 .1 1.0 1701

1420 te 3.78 .1 ¢ 0 .01

031430 tvo CC 1

QL4400 193 ¢ C 33

41550  ACTUATCR-ACRIAL REFUELING

01520 300 13 1.5 .0079 2

I 10 .3 1.9 1782

Q1340 1.5 3.8 .2 00 .3)

L1280 01¥: C C 3

el prew o owE .
ALTUATOKR= AERIAL PEFUELING NDZZLE LATCH
300 13 1.¢ .0083 2

NIV 12 .% 1,21
Claog 1.v 3.8 .t 00 .32
21410 o190 € € 1

¢1430 oLes C & %%
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1ABLE B-1 RCA PRICE MODEL INPUT DATA-BASELINE AIRPLANE
ACTUATION SYSTEMS, 500 AIRPLANES

SHEET 3 OF 3

vi1430 CONTEOL VALVE- AERIAL REFUEL ING
Q1440 s00¢ 15 3.23 .0133 2
914%0 10 .95 .91
Qléal 1,29 5.8 4 ¢ ¢ 1)
21670 o1v0 € C 3
QL4080 Q199 € C 53
41690 LINEAR ACIUATOR- CANOPY
"1700 §¢0 13 2.7 .0133 2
41210 10 .5 1.9 1998
21720 2,7 5.8 .1 ¢ 0 .07
21730 0190 C C 12
21740 6?7 € C 59
£17%0 CONTROL VALVE. 3 POSITION- CANOPY
1780 300 19 1.0 0042 2
1270 .5 .3 1.8 1981
0L780 1.0 %.2 .1 00 .33
1790 o1to € € 1
Jteco 01ys C C 33
4910 GIAR BOX~- GUN ORIVE
Qe %00 13 10 0433 2
. 21530 1 4,5 1.8 1701
t 01840 1¢ 5.8 .1 00 33
) 51820 030 € T 1
L34 114 a1ys C C 33
51870 HYORAULIC MOTUR - GUMN DRIVE
c:880 500 15 ?.6 L0317 2
71999 10 .3 1.6 1981
D 21 ».46 5.8 .1 900 .1
111D n19¢ € C 2
1930 o19s C © 93
%1930 CONTROL “ALVE . ) FOSIYION - GUK CRIVE
1940 500 13 9.4 0350 2
21150 19 .3 1,8 1991
LLeAl 8.4 5.8 .1 00 . N7
AR 5190 C C !
<.788 QLes € € S%
AL MYDRAULIC MOTuk- ECS PAC CORPRESSOR
<2400 €00 13 §¢,0 .018 2
42910 10 .3 1,8 1991
Q2929 4.0 S.B .1 00 .33 ]
a29%0  olvo C C E
L9680 o1%% C € 5SS
524%0  CGNTROL VALYY. 2 FOSITION- ECe FACY COMPEESSOF
Rhhl €00 LS 1 .04 1
1260 1 .% .Y 1.8 1981
elre .18 L.8 .1 20 .12
92980 ;. 7.946 1 0 D 8,90 ¢
d3090 o170 C C 1§
22100 019% C C 1005
Q110 GEAR BOX - ELECTRONICS COOLING FAN :
32120 50, 15 7.3 0324 2
22130 10 .3 1.8 1741
37340 7.5 5.8 .1 00 .33
e:13¢0 o190 C C 1
22160 0195 C C 85
2120 FYDRAULIC ROYUR -~ ELECTRONICS COOLING FAN
I2180 %00 19 7.4 0317 2
L2190 1t 0 .3 1.9 t98:
42700 2.4 3.8 .8 0.1
423259 019’0 C C ¢
Q2220 0195 € € %9
02230 CONTROL VALVE, 3 FOSIY ON- ELECTROWICS COLING Far
02240 509 3 1,0 .0r4T 1
A°2%0 1.5 .3 (.8 1mm1
Q2240 .¥5 5.8 .3 v o .33
42279 40 7.%40 .. 0 v 1.0
$2290 pwr¢ CC L
a220¢ 0193 € C 1005y
<2100 SERYVA VALYE ~ BENERAL PURPOSL
42110 12000 340 Y. .0042 1
H 2232v a4 .8 .3 1.0 1901
. 230 9% 5.8 .3 00 .33
12340 40 7.%40 .1 0 Q0 1.9
42190 0190 € & 3
0238C 0193 € C 10038
42370 INTEGRATION AND L8y -
[ 2311 §09 1% .72 .0 S
<23v0 00 97 1.8 1)
22400 0190 C € 0173 C
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TABLE B-2 RCA PRICE MODEL INPUT DATA-ALL-ELECTRIC ATRPLANE .
ACTUATION SYSTEMS, S00 AIRPLANES

SHEET 1 OF &

HIEML.DAT  23~SEP-21 24139112

©o109 asPRICE B4
0130  POVER DRIVE UNIT/BALL ZCKEV ALT-CANARD RODIFICD 8/3/81 .
20130 1690 39 38,0 14852 2 2
o130 2 ¢ .9 1.8 198%

ac140 32 3.6 1 0C .13 . :
t3150 0190 € C E
L2140 0198 € C S§

22179 ROYOR - CAKA%D
20109  JOGO P0 @ .04F1 2
20190 & 0 .3 1.E 1981
co2e0 #5.5.100 .32 i
#2310 0190 C € & i
¢2320 01923 € € 32

20230 INVERTER - CANARD

- -
Ly

¢2240 3000 %0 7.7 .07 14

1 £9350 & .3 .3 1.9 1vEl :
{2380 4 %.32 .1 00 .33 &

f £3370 31 4.%41 .1 0 01 . SR
¢2380 o190 C C 1.0 e
002%0 0393 € € 10433 SRR
70306  FOJER ORIVE UNIT / WIWGELINE GEAK BUX - ELEVON R
22116 1000 10 70 .3043 2 y

203120 20 .5 1.8 1% L
»433¢ 76 3.4 .1 0 0 .33 : !
20340 0190 C C 1

CeI3¢  01eT € C 8

6350 MRYOR - ELEVOK .
2170 2000 60 13.7 .08 2 -‘
9320 4 6 .3 1.8 1981 a
2390 13.7 5.3 .1 20 .33
: 00400 0190 C C 1

to ¢o4le 0183 C C 53 ;
) 1si28  IMUZRIEE- ELEUOK -
: The30 3800 &0 24.% 32271 {
| 9440 4 .Y .1 1.8 1961 =
!

QAemd  23.1 5.52 .1 00 31
tnegd B 4.9+ .1 00 % :
(2.70  01%¢ I C 1.0

10480  719% € L 10451 :
15496  GOMCR ORIVE UNIT / HIMGELIME GEAK 20X - KUDOER
n4500  S00 13 3¢ .1é%s 2

I
i t 2%10 1 6 .5 1.9 101
t 2820 39 3.8 .10 ¢ 1Y .
| i sat30 M1vO L C 1
; .#%/0 0193 C € 3%
| satep  MBTOK - RUDDEK :
; 02840 1009 Y0 19.5 0517 2 3
l 4520 32 0 .3 1.B 19B;
siege  10.% %.31 .1 S0 .13
cat¥0 0190 C C ! . !

orer £ o
IHVERTER - HUDDER

1000 40 14 13731 ¢
2 .Y .1 1.8 1991 '

12.4 3.32 .1 ¢ 7 .13
1 s.%01 .1 7% L
o190 € C - )
0193 € C 1043}

FOMER DRIVE, UNIT / MINGELINE GEAK BOX - SFOILEK ;
2000 40 10 .0433 2 \
40 .% 1.8 1981 .

10 3.8 .1 0 0 .33 ¥l
otv0 C € 1

o1vs C C %3 ;
ROTOR - SPOILER

2000 40 3.0 €296 D i
40 .3 1.8 1981 &
s 3.3 .1¢0 .33 N
oieg C C ! B
Q19 C € 3% i
INVERTER - SPOLLEN i
2009 40 7 .0&34 1 z
5.3 .3 1.8 1902 4
.1 3.82 (100 .33 iy
51 ¢.941 .3V 52 E
otse C € L P $
o195 € C 2043 2
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TARLE B-2 RCA PRICE MODEL INPUT DATA-ALL-ELECYRIC AIRP
ACTUATION SYSTEMS, 500 AIRPLANES
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40990
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Cor4e
0950
Q%40
70979
goego
20990
04230
215910
21920
31020
21940
4149%0
21240
nL197¢

01210
41240
21250
a126¢
32720
234 1
G1:90
Q11480

PR
vevew

01320
21320
Q1340
01350
01360
21370
01380
3310
Q140¢
214410
0t420
21430
Q1< 40
41480
01448
01420
0140¢
140
241550
21810
d182¢
©131%
¢194¢
41954
¢1540
~i%70
1390
21390
21400
25510
“1420
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POMEK DRIVE UKIT / MINGELINE GEAR BOX - LE FLAF

3000 90 4.7 1909 2

¢ 0 .9 1.8 108} .
34.7 3.8 .1 02 .23

o190 € C ¢

21998 € C =%

AOYOR - L.E. FLAF

3009 ¢ 6.3 03412

60 .3 3.8 199}

6.9 3.3 .1 09 .13

Q1920 C C

ote5 C € 3

INVERYEK -~ L.E, FLAP

3000 *0 8.7 Q0773 ¢

£ .3 .3 1.8 18

7.4 832 .1 ¢ 0 .02
31 4,941 .1 008
Q1P ¢ C 1t

0193 C £ 10453

eaLlL SCREW ACTUATOR - ENGINE INLET CENTERBODY

1000 10 32 .13%L 2

20 .3 1.8 1791

32 3.8 .t 00 .13

o1%0 C C !

MPS C C 53

MOTORK - EMGINE IKLET CENTEK £ODY
1000 30 5.0 .0294 2

20 .3 8.8 190

3%53.100.13

0190 C C ¢

Asaw o~ o«
VaTe w & =

<
IHVERIER -E
10090 30 7.9
2.3 .31.2
4.7 3.32 .1
$1 6.%41 .1 O
9L90 € C 1

0193 C € 10433

EMYER EODY

»a

-
E
m
ad
.

POVER DRIVE UNIT/GEAK-2OX ENGINE INLEY BYFASS

2006 40 3 .013 2

20 .3 1.8 1991

3 5.0 .100 .37

2190 C C 1!

o3 C C %

ADTCN- ENSINE IALET BYFAEE LOOW
2000 40 1 .0077 2

40 .3 3.8 0901

1 35.3.100 .33

0190 C ¢ )

Qie3 € C 9%

IRVERTER - ENGINE INLET BYPASS COOR
2000 49 1 .0071

4 .3 .3 1.8 1781

e 9.3 .1 00 .3

31 4.%44 .1 00}

o140 C € &

2193 € C 10433

GALL SCREW ACT-MAIN LANUEING GERR
1000 30 20 .087 2

20 .95 1.8 1901

%6 .100 .33

gi¥0 2 C 2

oi¢¢ € € 3%

AUTOX-AATN & NOSE LANDING GESR
1500 <3 % .C2% 2

3O .3 1.5 (VEL

S 3.3 .10 0 .33

e C ¢ 1

CirPs € € a2

IHVERTER-AALN & MOSE LAMDIHMG GEmt
19500 43 5.7 .0NA% )

3 .3 .3 1.8 4980

$.4 2082 41 0 0 L33

Y1 &.74L .1 QO 1

0i¥0 L C 1

0193 C € 104t}
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TABLE B-2 RCA PRICE MODEL INPUT DATA-ALL~ELECTRIC AJRPLANE
ACTUATION SYSTEMS, 500 AIRPLANES

- v < u . PR

SHEET 3 OF 5 . . .- Lo -

£1630 BALL SCREM ACY-NOSE LANDING GEAR
Qlesc S0 1S 20 037 2

1850 12 .3 4.8 00y

¢1440Q 20 5.8 .1 00 .13

21670 o100 C C 1 e e .. :
0168¢ Q193 C C 93 - P -
21239 ACTUATOR-NOSE GEAR STEERING PR ' 5

01830 %00 1S 20 .1 2 e - .
21340 4 0 .% 1.8 1981 . Y

01830 20 5.8 .1 00 .1}
X 919690 0290 C C 1 ] - : i
| 01870 0195 T C %3 . R
41980  AOYO%-NOSE GEAR STEERING
i Q1890 SO0 1% & ,0248 2
. 25900 1 0 .3 1.8 1¥81
7 3 01910 4 3.3 .1 ¢ 0 .33 .
1920 0190 C C 1 N
01730 0193 € C 5% ’ ) *
41940 BULL KIKG ASSY-NAJH GEAKk BRAKES ' . ’
01930 1060 19 7 0173 2
41988 2 0 .3 1.8 1981
41920 73.8.100¢ .3
z1980 0199 C C 1
(384 1] 019s € € =8
52000  MOTOR-AAIN GEAR BRAKES
42510  HO00 40 .7% .0043 2
2620 16 0 .2 1.8 1983
43039 .73 5.3 .10 O ,33 .
42940 010 C C 8 i .- ..

91930 0193 € € %3 .
42240 KOTARY ACTUATOK-RERIAL Kt "UELING DOOK - - . 5,

. 32970 S00 13 8 .0148 2 . -

i @m0 106 .3 1.8 1vel : .

| o260 4 5.8 .1 60 .31}

PEST. LI . TT L. A A

‘ 23110  0L93 € € 83 :

02120 RMOTOR-AERIAL REFUELING DOOR

| €3130 300 13 .23 .Q021 2 ' .

. 22140 1.0 .3 1.9 1981 '

i 02130 .23 3.3 .1 0 ¢ .33

| 02160 0190 C C

€2170 019S U € 3%

02120  LINEARR ACTUATOR-AEKIAL REFUELING KOZZLE LATCH

c2190 306 13 & 0174 2

42200 1.0 .3 1.8 1981

02210 & 3.8 .1 00 .33

0222 o1v0 C C 1

i 02230 013 ¢ C §3

! 02240 AOTOR = AERIAL. REFUELING NOZILE LATCH

3 01230  S00 19 .7 .00%4 2 N

I 522640 1 6 .3 1.8 1984

| 02270 .7 S.3 .1 0 0 .33 )
02280 0192 C C 3

[ 02290 o193 C C 13 ’

02300  BALL SCRE! ACTUATOR CANOPY .

02310 500 13 7 .0304 2 . " .
s 2320 1 0 .3 1.3 1%01 ) I -
‘ 02330 7 3.8 .1 00 .33 - . o '

0234¢ O1v0 C C o

0231850 0193 C C 3%

42340 ROYOR - CANOPY B ‘
Q1370 S09 13 . .3877 2

£330 1 0 .3 4.0 sT0! A :
2370 1 3.3 200 .33 Lo R T :

’ 93400 0590 C C i . o
02410 0193 C C 9% S L
02430  GEAR SOX - SuUN DRIVE : L
02430  36¢ 13 13.3 .0ATA 2 . e
02440 1 0 .3 1.8 1%8% : B
02430 19,3 3.8 .1 ¢ 0 .3} K

42460 G190 C € § o o

42470 0193 C C 33 ! -

2400 AUTOR - GUM DRIVE v o

0349C 200 13 11.2 .0%41 2 !

42%00 10 .3 1.8 198} - .
02510 11,2 %,y .4 00 .33

23220 01v0 C € 1
023530 01¥3 C C %3
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. TABLE B-2 RCA PRICE MODEL INPUT DATA-ALL-ELECTRIC AIRPLANE
ACTUATION SYSTEMS, 500 AYRPLAKES

SHEEY 4 OF §

INVERTER = SUM DRIVE

500 1% 7.8 0871 1t .

1 .3 .31.8 1™ '

8.8 5.352 .4 9 0 .33 .

%1 6.%61 .2 901

eivo c C 1 .
0193 C € 10433 . . . N
ACTOR-ECS GCOSY CINPRESSOR . g -
500 15 21,4 .¢83¢ 2 . K,

t 0 .3 1.0 L9781

3.4 5.2 .1 00 .33

o190 C C 1

0199 € C 5%

INVERTER-CCS BOCST CONPRES SOK
%00 1% 1% ,12272 1

1 .Y .3 1.8 1991

4270 17.4 5.52 .1 0 @ .22

G710 S1 4.741 1 0O L

X H 42720 0190 C C ¢

: i 52730 0198 C € 10493

i . . 13780  ABTOR-ECS PACK COAPKESSOR
' £37%¢ %S00 15 11 .03 2
v . Lore% 109 .2 1.8 3982
; 02770 11 5.3 .1 ¢ 0 .33
! 0270 019G C C 1
; 02790 ©0193 C € SS
. 01900 INVERTER - ECS PACK COAPRESSOK
: 029o  SCO 13 9.0 0458 1
. 0320 1 .3 .3 1.8 1908
' 02830 4.5 3.32 .1 00 .13
P 52840 1 6.¥4) .1 0 © 3.0
: grude @ifS I L .2
| 03840 0195 € C 1¢453
' 03870  MOTOR ~ EL -CTROMILS COOLING
i o3ssc 300 15 10.4 0740 2 N
ezee0 1 0 .3 1.8 1981 . 3
| 07y00  18.4 3.3 .1 0 0 .33
RS g2910 0190 C € 3
53920 0193 C C 355
529030  INVERTER - ELECTRONICS COOLING FAN
0394¢ 300 1% 146.0 L1453 1
02950 3 .3 .3 1.8 1783 .
0296¢ 14,6 5.32 .1 0 0 .33
92070 51 6.%61 .1 0 0 3.0
¢ae80  €1#2 C C 1.0
02090 0143 € C 10433
03000 ROTCR / PUAP SMUERTER COOLANT
03010 1500 43 2.3 .0147 2
03¢20 3 0 .3 1.0 3981
N 53030 2.5 5.8 .1 0 0 .33
T 03040 0190 C C &
439%0 0193 C € %S
0306  INVERTER - COGLANT Fump
53070 1500 4% 2.0 0132 1
: 03080 3 .3 .3 1.3 tvm
. 231590 1.8 %.%2 .1 0 0 .13
03100 31 $.941 .1 0 0 1.0
. 52110 0190 € € 1.0 co-
0312¢ 0193 € C $0433
03116  KESERVOIR - INVERTER COOLANY
0314¢ 1500 43 3.3 .033 °
. 83150 X 0 .3 1.¢ 1701
e 03160 3.3 5.52 .1 00 .13
. . 23170 0120 C C 1 .
' a3te0 6193 C C 93 - .
41170  TUBINE- INVERTER COOLANT
. 03200 14000 420 .789 .01 2
. 43210 28 9 .3 1.8 1981 .
) 5127¢ .789 5.7 .1 00 .33
! 1330 Ot8 L C 1 2
23134y 0193 C C 93 :
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: TABLE B-2 RCA PRICE MODEL INPUT DATA-ALL-ELECTRIC AIRPLANE
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HEAT EX(NﬁN [1. W INVEkTEk COOLANTY
£300 4% 2.0 ,02% 2

10 .31, 8 1781

2.¢ 5,52 .1 00 .13

0190 £ C 1

0195 C C 8%

FILTER.WIRING, SYRULT. 1MST. ~ INVERTER COOLANT
1500 4% 10.0 .123 2

30 .3 1.8 1981

18 .1 0¢ ,33

o190 C C )

01#3 C C N1

INTEGRATION AND TEST COETS

$09 18 .7 .Y 3

09292 1.8 1931

0192 C C 0195 C
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¢0390
00191
003y2
20193
40400
00410
00420
00430
V0440
20430
00440
00470
00420
20490
00500
00310
09330
20540
€0354¢
95340
00870
705840
CO3¥0
04600
[ TTL
20420
¢243¢
90440
004890
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TABLE B-3 RCA PR,CE MODEL INPUT DATA-BASELINE AIRPLANE

SECONDARY POWER SYSTEM, 500 AIRPLANES
_SHEET 1 OF 3

raPRICE 84
CYCLUCONVERTER nODIFIED 8/4/8)1
19000 30 40 5459 L
2.5 .2 1.8 101

54 3.32 (1 0 9 .33
%1 4.941 .1 0 0O ¢
g9 C C 1

0195 € € 11192
GENERATOR

1600 20 30 .1734 2
20 .3 1.8 1981

30 5.3 .1 0 0 .33
otvo C C 1

o195 € € 3%
CAERGENCT GENERATCR
500 13 36 .23 2

16 .3 1.8 1988

26 5.3 .3 00 .33

HYD AOTOR-EAERGERCY GEXERATOR
200 13 34.B L1315 2
1o .3 1.8 1708

14.8 2,24 .t 0 % .32
ase € C 1

0193 € € 53

CONTROL VALVE.ON-OFF - EACRGENCY GENERATOK
500 18 1.0% 0045 1
B3 .3 3.5 3731

1.064 3.8 .1 0 ¢ .33
40 7.94 .1 0 0 1

01%0 € € 1

0195 € C 10659
TRANSFORNER-RECTIF 1ER
1560 <3 2.5 1138 §
3.9 .3 1.0 590

11,3 3.52 ,1 0 6 .13
31 6.941 .1 G 02
0i% C C 1

0293 C € 11193
BATTERY, H1-CAD . 26V0C, 40N
%00 15 29 .54 3

10 .31.8 1991 1970
090967

1.07 0 ¢

BATTERY CHARSER

590 1% $.B .0618 1

£ .7 .3 1.8 1961

6.1 5.52 .1 0 0 .3
St 4.94L 1 001
o1v0 C C 1

0193 € C 11153
NYDRAULYE PUAF

2000 40 27 .1135 2
40 .3 1.2 1981

27 4,84 .1 03 .13
otf0 € C 1

91?8 £ C 45

NYD REE %1

s00 13 it.5 .38 2

19 .3 3,8 1981

£1.% .52 .1 00 .33
019¢ € € 1

o188 ¢ £ 33
HYDRAULIE RESERVGIR ¥2 8 #3
1994 30 5 (143 3

20 .3 1.0 i¥¥1

s 3.50 .100 .33
01920 C C 1

01%3 € C 3%

RIGHT HAND AHAL GEARSIX
200 15 *9 .4 2

L0 .5 1M 180

#r S84 .1 00 .23
0190 ¢ C 1

sivs ¢ C %3




TABLE B-3 RCA PRICE MODEL INPUT DATA-BASELINE AIRPLANE
SECONDARY POWER SYSTEM, 500 AIRPLANES '

SHEET 2 OF 3 ‘ Co

40890 LEFT HAND AMAD BEARBOX

<2900 00 13 01 L4t 2 : Lo

20910 £ O .3 1.8 1981 :
05920 93 %.€4 .5 0 0 .33 . -
90830 619¢ C € 3 -
0940 0195 C C s8 oo
4995C  ANGLE GEARZOX-ARAD

59%40 %00 15 39 .14 2 Ces
10970 16 .% 1.8 198}

0990 3P 3.84 .1 0 6 .13

996G 010 . C 1

L1904 01?S C C 5%

“1910 POWEN KELAY,AC.3#DT

Lai2n QT LT L2 M2

21230 10 .3 8.8 190

01040 1,2 8.7 .1 00 .33 N .' .

21080 0190 € C 1 A
01040 0193 C C 988

91070  PUR CONTAZTOR.AC 3PDT

f1080 %00 1T 1.4 0143 2

01090 1 0 .3 1.0 {701 -
01160 1.6 S5.7? .1 00 .33 :
01130 0190 C € 1

21120 0t¥S € € 88

91130  PUR CONTACTOR.AC,2PST

0t140 300 13 3.9 .0518 2

2159 1 0 .3 1.8 1983

01140 3.8 5.7 .1 60 .33

01570  OivOo C C 3

QL1M0 Q195 C € 38

21190  PUR CONTACTOR.AC,3IPST

91300 1500 4% S.3 .0434 2

01216 3 0 .3 1.8 1v81

e1376 %X 5.7 1 40 ¥

21238 e £ C

01340 3195 C C S8

91256  PUR CUNTACTOR.AC.3IPDY

013460 1000 35 4.2 070 2

21276 2.0 .3 1.9 1Y32

01280 4.2 3.7 .3 09 .33

91290 0190 C C

01300  G1¥S C C 3%

08319  PUK CONTACYOR.DC.S SY

0132¢ 1500 43 .9 .0C® 2

01336 3 € .3 1.8 1981

631340 -8 3.7 100 .38

21350 01¥0 £ C

01140 0195 C C 35

01370  PF¥R CONTACYOR.OC,SPDY

01380 1000 30 2.1 ,0307 2

28390 2 0 ,3 1.0 194S

01430 .1 S.7 .1 00 .33

01410 0190 C C )

Q1420 0?3 C C SS

01430  HYDRAYULIC TUBING

Q1840 14000 420 2.804 0144 2

21450 28 0 ,3 1.8 1981

G1460 2.384 3.94 .1 0 0 .33

01470 019G L C 3 -
1480 0195 C ¢ 3

914¥S  ELECTRICAL VIRING . ]
01490 14600 420 3.3¢3 0314 2 -

01200 28 0 .3 1.0 198

01810 4.3 % (1 00 .33

01%3¢ 0190 C €

01530 0198 C £ %%

01346  INVERTER., STANDRY - R
21330 300 1% 13 .82 1 L oo
LYY 1 .5 .3 1.8 1984 L. h
0.370  11.7 5.32 .1 00 .3} = .
01380 Sk 4.9%43 ,1 00 ) : :
01990 0190 C C 1§

21400 0193 C 11153 , .

21410  KYORAULIC MAKO PUR? T
231820 500 1% 3.4 .030F 2 B
01430 : 0 .3 §.® 1v01

1640 3.4 %.%6 .1 0 0 .32 . .
01430 0190 C C 1

2144680 0195 C ¢ %8 i
LTS FLULO/FULL ufat vALYARGL: o .
L1800 5300 43 3 0373 D
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TABLE B-3 RCA PRICE MODEL INPUT DATA-BASELINE AIRPLANE .
SECONDARY POWER SYSTEM,. 500 AIRPLANES - )
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cLe%0Q 30 .3 1L.% 1781 Tt
01290 3 3.5 .1 00 .23
21710 el 2 C Y
M %195 C C 83
01730  TENP CONTROL VALVE
2174¢ 1900 4% 1 .0042 1 -
1733 3 9 .3 1.0 1%R1 .
21760 9% 4.8 .1 %90 .33 . i
¢L?70 40 72.94 .0 0 0 1
2.780 t1v0 L C 1
[ 194 [ ] 0193 € C 100%%
41800 OVER TEAP SVUITIM
L1V 3 1520 4% .1 ,0009% 2
41820 30 .3 1.8 1788
1930 .1 9.84 .1 ¢ 0 ,33
%1940 01Y0 L C 13
¢1880 o198 € C 38
21940  RESERVOIR SERVICE FANEL
€870 %00 t3 10 0%t 2
! s1980 10 .3 1.8 1981
N ¢Le90 10 5,32 .1 ¢ 3 .33
' 1900 619G C C )
¢1910 o1e3 € C 3%
91920 FRESS/RETURN FaLTER MOOULE SYS 2.3
¢:930 1000 30 13 1344 8
L1940 2.9 .3 2.8 1901
Cr9350 14.9 3.8 (2 @ ¢ .23
21940 40 7.%4 .1 0 0§
0970 0190 € C 1
3980 0193 € € 10055
21990  PRESI/RETURM FILVERX MOOULE SY§ 1
2200 500 15 23 .209: 1
€210 1 .5 .3 1.8 1781 N ‘n
63620 22.5 5.8 .1 0 0 .3}
G200 40 7.%4 1 Q 01
L3040 0190 C C 1
¢z0%0 OIYa L T iUU3S
L2 RESERVOIR BLEEDGR VALVES
©30 3000 YO .1 0004 &
¢2140 & .5 .3 1,9 1v01
42190 .02 3.8 .1 0 ¢ .33 i
42140 40 7.94 .1 6 01 . ;-
Q2L70 01?0 C C B
L2160 019% € £ 10053 .
L2190 RESERVOIR RELVTEF VALVE (AlR ¢ O1L? .
432300 1300 70 .1 .Q12% 1 .. .
€2210 & .5 .3 1.8 12 . . -
%2220 .09 5.0 .8 0 0 .23
22330 &0 7,%4 .4 0 01
©3280 N0 T T
12236 0198 € C 1008t
42240 CASE DRAIN FILTER RUDULE
6337 2000 40 § .0727 2
42289 40 .35 t.0 1%
GElv0 e 3.56 .1 00 .33 .
52100 o196 ¢ € 1) ’ . *
1110 01?3 € € 93
%2320 FIREUALL SKUTOFF vALUE
92130 2660 40 L.7 0071}
L2346 4 .5 .3 3.0 10708
n180 1.42 5.9 .1 00 .33 . '
L2348 60 7.%4 .1 00 8 )
170 gyt cCc1 :
Li1s0 0193 C € 30033
FUCTION DISCOXMELY
. w490 2000 40 ;.4 0083 2
. 02410 4 0 .3 L.8 193}

: 02420 1.4 %.04 .1 0 0 .02
i n2¢30 Ol¥O C C 1

02449 0195 € C 53

92430  HYD PRESS XRITTER .
62460 1300 43 .2 L6018 2

02470 10 .T 1,8 14}

02489 .2 9,32 .1 0 0 .33

62490 1% L C

02500 0198 C € 53 -
0357C  GROUND SARVICE OIRCEAAELY L -
02586 3090 90 1.2 ,008 2 . ' . B
22590 4 0 .3 1.0 1992 4
02600 1.2 3,84 .1 0 0 .33
02810 V190 € €

52420 0193 C ¢ %%

03730 INYT &4 TESY

02740 300 1% ,7 .7 % L
02730 ¢ 0 ¢ 1,0 1941 a
L2740 01% C C o198 €

o




TABLE B-4 RCA PRICE MOGEL INPUT DATA-ALL-ELECTRIC AIRPLANE
SECONDARY POWER SYSTEM, 500 AIRPLANES
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4IELS.DAT  D4-SEP-81 15145107

N0100  ~sPRICE 84
20110  STARTER GEKERATOR A0DIFIFD e/é/8)
€2179 1300 43 75 L4335 2
0130 3 0 .3 1.8 1%®)
22146 73 5.3 .2 ¢0 .33
a1%. 9190 C € 1
0014 0193 C C 9%
40170  PMASE CELAYED RECTIFIER PRIDGE
00t8C 1840 4% 2% 1373 4
50180 3 .S .3 1.% 1931
GQ20¢  22.5 S5.52 .10 0 .13
2020 S1 6.941 .1 0 0
Ca220 01 € £ 1
24330 0195 C C 11133
i 0024C  DC-DC COMVERTER
20350  DADL AQ 17 L1345 1
00260 4 % .3 1.8 1ve}
S027¢  19.3 .52 .1 0 0,213
0280 S1 4.941 .1 0 0 1
20290 0190 C C ¢
S030¢ 9192 C € 1112}
44210  DC-AL INVERTER
02330 1000 3Q 34 .3091 3
. 56330 2 .3 .3 1.8 1%@1
' 02160 30.6 %5.32 .1 0 0 .33
: 43150  S1 6.941 .1 2 0 1
. 0Vl OL¥O C C 3
! 46388 019% € L 1153) =
COI7C BATY-MICAD-D4U.0aN -
2430 1000 X¢ 7S .54 3 gy
GeIPC T 0 L,X .8 1998 1970 !
79400 0 0 0 9 7%
073l¢  1.87 Q 0
90430 FUWER NOMTACTOR-SIX VKASE AC
03440 1000 30 18 .25 2
645%6 2 0 .3 i.3 1781
] DC480 1% 8.7 .1 00 .33
! 04470  0519C € C 4
66480  019% C C 5%
79490 UK COMTARTIOR- 81X FHASE AC(CROSE STARY)
94%00 1000 IO 12 .2 2
56510 2 9 .3 1.4 1981
4920 12 5.7 .1 90 .33
%9%30 0190 C C | S
G540 0193 € C 59 -8
©9%%0  PUR CONTACTUR-SINGLE FHASE AC ’
20940 2000 40 1 L0098 O
YN7¢ 4 9 .3 1.8 1781
GL3m0 g 5.7 L 00 .1
TOUY0 H1¥6 C C ¢ L
06490  019% ¢ € 95 X
46610  FUR COMTACTOR-DC 3

ORI 1809 4% 9 .07 2
‘ R A N L]

Ovas0  # 5.7 .10 3 .31
‘ 20650 0196 C € 1

00460 6193 C C 33
i 00470  PUR CONTACTOR-OC
004BC 3000 20 & .03 2
0060 4 2 ,3 1.9 1901
0700 4 9.7 .1 00 .33 -
0073¢ o190 C C 1
00220 o1#3 C C 53
00730  WIRING AMD CONNECTOKS
00740 14000 420 8.23 0389 2
0073¢ 2% 0 .3 1.0 199}
0976¢ 9.23 300 ¢ .33
20770 C196 € C 1
00702 09T C 84
50790  INTEGRATION AND TCSY
[ D1 1] 300 1% .2 .7 8
~001% 00 % 1.9 1282
00820 0190 C € 0173 C
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